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Hybrid molecules, or hybrid ligands, contains two different types of 
chemical functionality such as hard and soft donors which are capable of 
binding to metal centres. The design of hybrid molecules via tuning of their 
steric and electronic properties is important to fully harness their potential 
applications whether as organic moieties or as coordination metal complexes. 
This PhD thesis describes work undertaken to develop quinolyl-based [N,N,N] 
and [N,O,N] tridentate hybrid molecules using CuAAC as a methodology and 
examine their functional applications as organic moieties and metal complexes. 
A venture into heterogeneous catalysis was also undertaken to prepare 
nanoclusters on surfaces. The introductory chapter provides an overview of 
the functional applications of hybrid molecules with a focus on quinolyl- and 
triazolyl-based chemosensors. Literature review on the types of [N,N,N] and 
[N,O,N] hybrid ligands and their metal complexes will be provided, which 
shows the lack of development in [N,O,N] tridentate ligands as well as 
quinolyl-triazolyl based [N,N,N] ligands. This explains the rationale on our 
work to fill in this gap as well as to expand the scope of 1,2,3-triazole-based 
metal complexes. A short summary on the grafting of metal complexes onto 
surfaces as heterogeneous catalyst as well as their transformation into 
nanoclusters will also be given in order to explain our motivation for the 
preparation of dispersed nanoclusters using coordination programming in 
Chapter 4. 
 
Chapter 2 begins with the design and synthesis of the quinolyl-triazolyl 
[N,N,N] and [N,O,N] tridentate hybrid ligands via a two-step reaction. The 
viii 
 
UV-visible and fluorescence spectra of the ligands were examined and the 
ligands were screened for their chemosensing abilities towards twelve metal 
cations.  
 
In Chapter 3, the synthesis and characterization of the metal complexes 
of the hybrid ligands were carried out. Pd(II) complexes of [N,N,N] ligands 
were prepared which showed an interesting phenomena in their crystal 
structures and were examined for catalysis in Suzuki coupling reaction. Zn(II), 
Co(II) and Cu(II) complexes of [N,O,N] ligands were prepared. The solid-
state photoluminescence properties of Zn(II) complexes were studied, while 
Co(II) complexes were applied in epoxidation of olefins. Interesting solid state 
π-π stacking structure transformation from 2D to 1D was observed in Cu(II) 
complexes by variation of the number of aromatic rings as the R group, and 
the catalytic reaction of the Cu(II) complexes in CuAAC and aerobic 
oxidation of alcohols were examined. 
 
In Chapter 4, dispersed Ru nanoclusters on SiO2 were prepared via 
coordination anchorage of a pyridyl-linker onto silica surface before a ligand 
exchange reaction to graft the Ru precursor. Reduction with hydrogen gas 
yields Ru nanoclusters with narrow size distribution and good dispersion, 
which showed better performances in the oxidation of alcohols than 
homogeneous catalysts. The last Chapter contains experimental procedures 
and characterization data of all the compounds synthesized during the course 
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Chapter 1: Introduction to Hybrid Molecules, Grafted 
Nanoclusters and Their Applications 
 
 Hybrid molecules are defined as chemical entities with two or more 
different structural domains with synergistic effects to bring in flexibility and 
adaptability to complexes and materials. In the drug discovery and biomedical 
field, they are often defined as molecules possessing two or more different 
biological functions or pharmacophores with dual activity.
1
 In the field of 
coordination chemistry, hybrid molecules are more often known as hybrid 
ligands, with the presence of at least two different types of chemical 
functionalities, such as hard and soft donors, capable of binding to metal 
centres. Hybrid ligands are bi- or polydentate ligands that can be hetero-
donating hybrids, which have different donating atoms as seen in phosphines 
(PR3) and amines (NR3); or as homo-donating hybrids such as amines and 
imines where same donor atoms which are chemically different coordinate to 
the metal.
2
 The donor functions are often chosen to be contrasting so as to 
make use of bonding phenomena such as hemilability and trans-influence, 
which can affect the functional behaviour of the complexes.
3
 Hence, the 
design of hybrid molecules and ligands by tuning their steric and electronic 
properties is important to fully harness their potential applications such as 
biologically-active organic molecules or metal complexes from metal-to-






1.1.  Applications of hybrid molecules as organic moieties 
1.1.1. Biomedical Applications 
 Biomedical applications of hybrid molecules have largely been a result of 
their antifungal activities and inhibitory activities against enzymes. Figure 1.1 
shows some examples of these molecules. A polyhydroxylated pyrrolidine-
isoxazole hybrid ligand I-1 was used in inhibitory activities against 
glucosidases which have the potential to be used as a control drug for type II 
diabetics.
4
  I-2 contains both a 1,3,4-oxadiazole and 1,3,4-thiadiazole bearing 
a Schiff base moiety which showed significant anti-proliferative activity 
against A549 human tumour cell.
5
 I-3 is a potent antimicrobial hybrid 
molecule containing pyrimidine-based imidazole scaffolds,
6
 while I-4 and I-5 
contain a 1,3,5-triazine moiety with bis-azomethine or chalcone as anti-
tuberculosis agents.
7
  A pyrazole-quinoline-pyridine hybrid I-6 was used as a 
new class of antimicrobial and anticancer agent,
8
 while I-7 belongs to a well-
known class of antimalarial drugs trioxaquines (trioxaquine-quinoline).
9
 Lastly, 
a benzimidazole-1,2,3-triazole hybrid molecule I-8 was also evaluated for 
antibacterial and antifungal activity,
10
 showing the wide range of targeted 
application of hybrid molecules for biomedical field. 
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Figure 1.1. Some examples of hybrid molecules used in biomedical field.
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1.1.2. Materials Chemistry 
The synthesis of phosphorescent organic light-emitting diodes 
(PhOLEDs) is a current hot research area in materials chemistry due to their 
potential applications in flat screen displays and solid state lighting.
11
  The 
traditional fluorescence-based OLED which works on harvesting only singlet 
excitons have a quantum efficiency of merely 25% due to the ratio of singlet 
and triplet excitons formed under electrical excitation being 1:3.
12
 With the 
introduction of phosphorescent triplet emitters in OLED, PhOLEDs can in 
theory approach 100% internal quantum efficiency by harvesting both singlet 
and triplet excitons simultaneously through intersystem-crossing (ISC), hence 
generating wide interest in both academia and industries. OLEDs are double 
charge injection devices which require the simultaneous supply of both holes 
and electrons to the emissive layer.
13
 Hybrid molecules have been used as 
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bipolar host for OLEDs. Bipolar hosts can transport both holes and electrons 
to the emissive layer, which can simplify the multi-layered device setup and 
provide more balance in electron and hole fluxes, thus improving the 
efficiencies. With extensive reviews and work carried out on PhOLEDs,
14
 
Figure 1.2 shows a small selection of bipolar hybrid hosts used in PhOLEDs. 
Some of the hosts involved are: carbazole (Cz) due to their high triplet energy 
and good hole-transporting ability;
15
 oxadiazole (OXD) for its improved 
injection and transport of electrons;
16
 triphenylamines (TPA) for its high hole 
mobility;
17
 and phosphine oxides (PO) for its electron transport abilities.
18
 The 
mix and match of these hosts will result in bipolar hybrid molecules with high 
quantum efficiencies with tunable wavelengths of light emitted. 
 






The detection of transition- or heavy-metal ions is of great interest to 
many as these ions play significant roles in living systems or are extremely 
toxic to organisms and environment.
20
 Among the many analytical methods 
that are available, fluorescent sensors have been intensively studied due to 
their distinct advantages such as high sensitivity and selectivity, fast response, 
and local observation. Most sensors have two components, a fluorophore and a 
binding site for metal ions, also known as receptor, leading to formation of 
many hybrid molecules encompassing both components. Among the 







 we are particularly interested in quinoline, 
which is a well-known fluorogenic agent and potential binding site for 
quantitative chemical assay of some metal ions. This duality helps to reduce 
the size of the sensors and improve water solubility.
24
 Together with 1,2,3-
triazolyl based sensors where the triazole unit more often exist as the linker 
between the fluorophore and receptor as well as acting as a binding site, a 
wide range of metal ions may be selectively detected at low detection limits 
using hybrid molecules. 
 
1.1.3.1. Quinoline-based chemosensor 
Quinoline and its derivatives, particularly 8-hydroxyquinoline (8-HQ) and 
8-aminoquinoline (8-AQ), are well-known fluorogenic chelators for transition 
metal ions with their distinct emission and absorption wavelengths. They 
readily act as receptors and exhibit well-defined and attractive ionophoric 
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 and exhibit fluorescence response in its emission profile based on 
internal-charge transfer (ICT) or photo-induced electron transfer (PET) 
mechanism. ICT-based sensors exhibit both intensity and spectra shift whereas 
PET-based sensors show changes with emission intensity with little or no 
spectral shift.
26
 The ICT mechanism
27
 is widely exploited for ion sensing 
because of the advantages of spectral shifts and quantitative detection. When a 
fluorophore contains a conjugated electron-donating group, it undergoes ICT 
from the donor to the fluorophore upon light excitation. If a cation promotes 
the electron-donating character of the electron donating group, the absorption 
and fluorescence spectra should be red-shifted. Conversely, blue shifts of both 
the absorption and fluorescence spectra are expected if the electron-donating 
character of the electron-donating group is reduced. For a quinoline-based 
sensor, fluorescence is quenched by PET from the amine group to the excited 
singlet state of quinoline. Upon complexation with a suitable metal ion, a large 
chelation-enhanced-fluorescence (CHEF) effect is observed because chelation 
disrupts the PET process. ICT effect could also be observed simultaneously, 
hence making quinoline an attractive fluorophore to be included in the design 
of chemosensors. 
 
1.1.3.1.1. 8-AQ-based chemosensors 
 Among the many reported chemosensors containing 8-aminoquinoline 






. Zinc is the 
second most abundant transitional metal ion in human body where it plays 
important roles in a number of biological processes and is commonly found as 
7 
 
protein-bound form in which such metalloproteins are involved in processes 
such as cell division, transcription and immune response.
28
 However, excess 
Zn
2+
 ions are toxic to humans and environmental organisms and it is 
implicated in a variety of human disorders such as Alzheimer’s disease and 
diabetes.
29
 On the other hand, its counterpart, Cd
2+
, is known for its toxicity 
and excessive Cd
2+





 which is known for its extreme environmental and 
biological toxicities,
31
 it is important to develop selective chemosensors with 
high sensitivity and simplicity. 
 





 Figure 1.3 shows some examples of the chemosensors containing 8-
AQ. Simple 8-AQ derivatives like I-14, a benzothiazole derivative from the 
modification of the 8-AQ backbone, was used in Hg
2+
 detection by selective 
quenching of the emission at 580 nm.
32
 Derivatives from the reaction of the 
amino group such as the facile formation of amide linkage for post-
modification are very common as seen from I-15‒19. I-15 and I-16a‒b, 
prepared by Harrison and co-workers,
33
 consist of dipyrazolylamine and 
dipicolylamine as am additional chelating agent for Zn
2+
, forming a six-
membered metal containing ring. Replacement of a pyridyl group by hydroxyl 
group by Lee et al. allows I-16c to be water soluble and hence was applied for 
imaging in human fibroblast.
34
 I-17, which only consists of a picolylamine, 




 simultaneously. The addition of cysteine as an 
auxiliary agent allows the separation between the two metal ions where only 
the solution containing Cd
2+
 would have its emission quenched due to the 





use of simple alkoxyethylamino chain as a receptor was demonstrated in I-18 
which showed good water solubility, cell-permeability and high selectivity for 
Zn
2+
 with a 75 nm red shift and an eight-fold increase in intensity and hence 
allowing “naked-eye” detection.36 Combination of 8-AQ and 8-HQ was also 
carried out by Liu and co-workers to allow selective Cd
2+
 detection by I-19, 




 Lippard and co-workers developed a series of fluorescein-based dyes, 
I-20 and I-21, for detection of biological Zn
2+
 from the Schiff base 
condensation of 8-AQ followed by reduction to give back the amine group. 
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The chemosensors were used in HeLa cells and showed minimally low 
cytotoxicity, showing potential applications in neurobiological imaging.
38
  On 
the other hand, I-22 with a turn-on response to Zn
2+
 while being quenched by 
Hg
2+
, could act as both Zn
2+
 carrier and Hg
2+
 extracting agent in living cells, 
providing a foundation for new fluorescence probes and target metal deliverer-
based biological investigations.
39
 I-23a, known as TSQ (6-methoxy-(8-p-
toluenesulfonamido)quinoline), is the first molecule used for biological 
detection of Zn
2+
 by Fredickson in vivo.
40
 I-23b and I-23c, also known as 
Zinquins, were developed to improve cellular retention.
41
 Both TSQ and 
Zinquin are currently the most widely-used zinc-activated fluorophores. Lastly, 
Schiff base formation of 8-HQ with benzaldehyde derivatives had been 






1.1.3.1.2. 8-HQ-based chemosensors 
As an important fluorophore, 8-hydroxyquinoline (8-HQ) itself is only 
weakly fluorescent due to the excited-state intramolecular proton transfer 
(ESIPT) process. Coordination to suitable metal ions will lead to a turn-on 
response due to inhibition of the ESIPT process.
43
 A common example of such 
chelating 8-HQ metal complexes includes AlQ3, which is the main component 
found in OLEDs.
44
 However, 8-HQ itself exhibits low binding selectivity 
towards metal ions and hence derivatives at the oxygen atom at the 8-position 
are commonly explored due to the high fluorescent properties of the resultant 
8-HQ ethers. For example, the fluorescence quantum yield of 8-





 Hence, turn-on fluorescence response can be also 
due to other effects such as ICT or PET as previously discussed. 





Figure 1.4 shows some examples of the reported chemosensors 
containing 8-HQ. I-25 is the first phosphonate-based receptor used in PET 




 while I-26 containing a simple 
pyridyl pendant was used as an on-off sensor for Hg
2+
 detection in pure 
water.
47
 Norbornene-derived I-27 was used for selective Cd
2+
 detection, and 
upon polymerization and coating on paper strips, the presence of Cd
2+ 
could be 
detected under the UV-lamp by “naked-eye”. 48  Jiang and co-workers 
incorporated dipicolylamine in I-28 for Zn
2+
 detection as chelating agent,
49
 
while Zhang et al. prepared a ratiometric phenanthroxazole-based fluorescent 
chemosensor I-29.
50
  A new visible light excitable ICT-CHEF mediated 
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fluorescence ‘turn on’ probe I-30 for the selective detection of Cd2+ in mixed 
aqueous system with live cell imaging was reported by Goswami et al. which 
showed low detection limit of 9.9 x 10
-8 
M and high cell-viability.
51
 
Introduction of another fluorophore, rhodamine, was observed in I-31, and I-





 in aqueous solution. “Naked-eye” detection was possible with the 
obvious colour change of the testing solution, showing its potential 
applications.
52
  Lastly, a unique ferrocene-quinoline derivative of I-32 and I-
33 were prepared by Ghosh and co-workers which showed a facile proton 
conduction through 1D helical water chains in its solid state structure and also 




 showing its dual 
application as a hybrid molecule. 
 
1.1.4. Triazolyl-based sensors 
The 1,3-dipolar cycloaddition of azides to alkynes was first reported by 
Huisgen, Szeimies, and Moebius, affording a mixture of 1,4 and 1,5 
disubstituted products.
54
 With the discovery of the copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC) by the groups of Fokin and Meldal 
independently in 2002, CuAAC has widely been used in the regiospecific 
formation of 1,4-disubstituted 1,2,3-triazoles with high yields under ambient 
conditions.
55
 1,2,3-triazoles are versatile and stable 5-membered N-
heterocyclic rings that are common functional units in many systems such as 




 and surface 
modification.
58
 The archetypal click reaction has been used to prepare a wide 
variety of new chemosensors.
59
 1,2,3-triazoles are able to perform a variety of 
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important roles in sensing. They may: (1) contribute to the binding of the 
target analyte, (2) act as a linker between the binding site and the reporter, or 
(3) contribute to the reporter, usually as part of a conjugated fluorophore, 




1.1.4.1. Mechanism of CuAAC  
As the premier and representative example of the click reaction coined 
by Sharpless,
61
 CuAAC reaction is remarkable for its high yield, wide 
substrate scope and simple reaction and purification conditions.
62
 The possible 
stepwise catalytic cycle was proposed by Fokin as shown in Scheme 1.1 
combining the previously proposed mechanism of the involvement of both 
mononuclear and dinuclear copper(I) acetylides as well as their several key 
equilibria and irreversible off-cycle pathways.
63
 The main pathway first 
involves the reaction of the alkyne with the copper(I) species (Step A) 
whereby the π-alkyne copper(I) complex intermediate (I) is formed before 
deprotonation takes place to give copper(I) acetylide (II) (Step B). At this 
stage, it is possible that oligomeric copper acetylides (III) are formed 
reversibly. The azide would then coordinate to the copper centre in copper(I) 
acetylide by the nitrogen atom adjacent to the R’ group ((IV), Step C). Next, 
an intramolecular nucleophilic attack occurs between the activated azide and 
the σ-copper(I) acetylide to form a six-membered metallacycle before 
undergoing a ring contraction to give copper(I) triazolide ((V), Step D).
 64
  
Side reactions can take place with copper(I) triazolide being oxidized as seen 
in Step F to give side products, or in most cases, protonation takes place to 





Scheme 1.1. Proposed mechanism of CuAAC reaction by Fokin which 




The CuAAC mechanism has not been fully understood until recently in 
June 2015. Bertrand and co-workers have isolated the bis(copper) key 
intermediates using cyclic (alkyl)(amino) carbenes (CAACs) as ligands to 
stabilize the intermediates and obtained the X-ray crystal structures.
66
 Both the 
mono- and bis-copper pathways are active in the CuAAC reaction. The mono-
copper pathway was found to be consistent with that proposed by Fokin in 
Scheme 1.1, though the bis-copper pathway was more kinetically favoured. 
The σ-copper(I) acetylide (A) reacts with another equivalence of the copper(I) 
catalyst (Step I) to form the σ,π-bis(copper) acetylide (B) which further 
undergoes intramolecular nucleophilic attack with the organic azide (Step II) 
to form dimetallated triazole (C). The alkyne would then serve as a proton 
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source for the demetallation (Step III) to generate the product and the σ,π-
bis(copper) acetylide as shown in Scheme 1.2.  
 
Scheme 1.2. Proposed CuAAC mechanism by Bertnard with bis(copper) 




1.1.4.2. Examples of triazolyl-based chemosensors 
Extensive reviews have been carried out by Lau et al.
67
 and Bryant et 
al.
68
 on the triazolyl-based chemosensors. Figure 1.5 shows the summary of 
the main types of triazolyl-based chemosensor that have been synthesized 
excluding inorganic receptors, redox-based and conformation-based sensors. 
Chung and co-workers were the first to utilize the click chemistry on 
calixarene frameworks to construct sensors. I-34 consists of two pendant 
anthracene rings that were linked through triazoles to calix[4]arene which 









 quenched the emission, while the 
addition of K
+
 showed a small enhancement in emission intensity due to 
trapping in the crown-5 unit. The addition of excess K
+ 
to I-44•Pb2+ complexes 
revived the fluorescence emission from metal ion exchange, hence I-34 can be 
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used as an on-off switchable fluorescent chemosensor.
69
 An example of 
macrocycles includes I-35 which consists of a cyclam moiety whereby the 
azacrown contains a side arm pendant functionalized with 1,2,3-triazole. I-35 









, could help to distinguish between the two metal ions with the revival of 




 Cyclodextrins are another common scaffold used 
in host-guest chemistry, with benzothiadiazoyl-triazolyl cyclodextrin prepared 
by Xie and co-workers as I-36. I-36 selectively detected Ni
2+
 by complete 









Supramolecular structures with multiple triazole-bearing arms attached to a 
scaffold to surround and bind the analyte as enclosed binding pockets are also 
common. An example is the water-soluble anthracene-triazolyl compound I-
37 which was used in Cu
2+
 detection through complete quenching of 
emission.
72
 The last group consists of small open-chain binding molecules 
such as a tetradentate triazolyl-pyridyl compound I-38 which appends an 
anthracene as chromophore. I-48 showed a turn-on response to Zn
2+
 with ICT-










1.1.4.3. 8-quinolinotriazolyl chemosensors  
Following the discussion on 8-HQ- and triazolyl-based chemosensors 
above, the combination of 8-HQ and 1,2,3-triazoles will result in another 
series of chemosensors containing 8-quinolinotriazolyl core. Figure 1.6 shows 
some of the reported chemosensors containing one 8-quinolinotriazolyl core. 
I-39 is a water soluble β-cyclodextrin (β-CD) derivative used as Cd2+ sensors. 
The inclusion complexation of 1-adamantanecarboxylic sodium salt into the β-
CD cavity further improved and enhanced the emission by providing 
additional binding sites through the carboxylates, hence giving a lower limit of 
detection.
74




 by I-40 in MeCN/H2O 
system by variation of the water content was reported by Jiao and co-workers. 





while at 5% MeCN‒95% H2O, a 62 nm blue-shift occurred for Zn
2+
, providing 
both “turn-off” and “turn-on” for the desired metal ion.75 I-41 is a quinoline-





in a mixed media. It acted as a fluorescence sensor for Zn
2+
 while exhibiting 
overall ratiometric selectivity for Al
3+
 in an aqueous media, with a preferential 
second mode of selectivity for Al
3+
 as it ratiometrically displaced Zn
2+
 from 
the I-41•Zn2+ complex. 76  A molecular switch diarylethene I-42 was 
successfully synthesized by using triazole-bridged methylquinoline group as a 
fluorophore and perfluorodiarylethene as a photoswitching unit. The 
diarylethene unit could be used as a multi-addressable fluorescence switch 
when triggered by light or chemicals in different solvent systems, and was 
able to detect Zn
2+
 with high selectivity.
77
 Quinoline-rhodamine based sensors, 
I-43 and I-44, were prepared by Mandal et al. for the detection of Fe
3+
. I-43 
allows “naked-eye” detection as the solution would turn pink due to the CHEF 
effect, and imaging of live fibroblast cells was carried out.
78
 I-44 on the other 
hand works via the fluorescence-energy transfer (FRET)
27b
 between the 





 An 8-AQ derivative I-45 was prepared by Tang et al. for sequential 
recognition of Cu
2+
 in which emission was quenched by Cu
2+ 
before the 
revival of emission from the addition of pyrophosphate.
80
 Lastly, a 
norbornene-based chemosensor I-46 was used for sensing of a chemical nerve 
agent diethyl chlorophosphate (DCP). I-46 was polymerized and coated on 
paper strips. Instantaneous response towards DCP was observed with intense 
green emission observed at very low detection limit of 25 ppb, showing its 
applicability for detection of such chemical warfare agents.
81








 Sensors incorporating two 8-quinolinotriazolyl cores were also 
reported as shown in Figure 1.7. I-47‒49 demonstrate the use of various 
linkers to link the two cores. In I-47, a phenyl group with a pendant azide was 
used as linker whereby sequential sensing of Co
2+
 with almost full quenching 
followed by revival of emission by nitrile ion took place, giving an on-off 
switch.
82
 I-48 consists of a pyridyl linker which was used for reversible 
sensing of Zn
2+
 from the [N,O,N] coordination of the 8-quinolinotriazolyl core. 
The pyridyl N atom was not involved in the sensing process, and the addition 
of ammonia would regenerate the ligand from the Zn
2+
 complex and thus 
allow recycling of the sensor.
83
 Hao and co-workers employed ether linkages 




 metal ions, 
where Cd
2+










showed ICT and CHEF-based responses. With the 
presence of tetrathiafulvalene, the receptor was also redox-active, showing an 
19 
 
electrochemical shift for Zn
2+




  Finally, a calix[4]arene-
based Hg
2+
 fluorescence probe I-51 was reported by Li and co-workers in 




 A pillar[5]arene-based triazolyl-
linked 8-oxyquinoline was also reported by Fang et al. recently which consists 
of five 8-quinolinotriazolyl cores as a sequential sensor for thorium(IV) 








1.2.  Hybrid Molecules as Tridentate Ligands 
With an extensive set of hybrid ligands being reviewed by our group in 
2011,
2
 in this section we will be only focusing on tridentate [N,O,N] and 
[N,N,N] hybrid molecules that we will be synthesizing in Chapter 2. Very few 
O-centric hybrids have been reported so far due to their notably weak donating 
ability. Hence, a mixture of weak to moderate donors could be used to 
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enhance substrate selectivity of metal complexation through selective 
ejection.
88
 N-based hybrid ligands, on the other hand, are commonly present 
and often compass a large range of ligand types, with high compatibility with 
other donor functions. With their synthesis and complexation being versatile 
and convenient, there are many established methods to bring them into a 
single molecular entity.
89 
The use of tridentate hybrid ligands can tune the 
steric and electronic effect of the metal complexes towards selective catalytic 
activities such as ethylene oligomerization
90
 or provide stabilization to the 
metal centre in the catalytic cycle by coordinating in a fac- or mer- manner. 
Therefore, we will look at [N,N,N] tridentate ligands as well as changing the 
centre N atom to O atom to explore [N,O,N] system that were reported in 
literature and their metal complexes. 
 
1.2.1. [N,N,N] tridentate hybrid ligands 
A large number of [N,N,N] tridentate hybrid ligands have been 
reported over the years with many different metal ions coordinated. Common 
tridentate ligands such as 2,2';6',2''-terpyridine are excluded due to the same 
nature of donor atoms. This section will present reported ligands that consist 
of at least two chemically different N donor atoms. The ligands are classified 
into four main groups according to the nature of the central nitrogen atom, 
which often acts as the linker as well: imino, amino, pyridyl and others such as 
pyrrole and pyrimidine. [N,N,N] tridentate ligands containing 1,2,3-triazoles 










Schiff base condensation is a convenient way to derive tridentate 
ligands as shown in Figure 1.8. The imine nitrogen often takes part in the 
coordination other than acting as the linker. Pervez and co-workers prepared 
biologically active Ni(II), Cu(II) and Zn(II) complexes containing pyrimidine 
and pyrrole as shown in I-52a‒c, and the complexes showed anti-bacterial 
activity towards Escherichia Coli.
91
 Mohan et al. prepared a range of 
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compounds with 2-pyridylcarboxaldehyde and 2’-pyridyl or 2’-
quinolylhydrazone with the quinolyl analogues shown as I-53a‒g. Seven 
metal complexes were formed, and the complexes were evaluated for anti-
tumour activity which showed no significant findings.
92
  I-54a‒e also consist 
of pyridyl-imine-quinolyl combination coordinated to Pd(II) and Pt(II) which 
have a square planar symmetry. Sequential addition of the amine 8-AQ to the 
metal precursor followed by 2-pyridylcarboxaldehyde also gave the same 
products, and the process was monitored by 
1
H NMR analysis which shows 
the coordination of the pyridyl N to the metal centre before the condensation 
process.
93
  A series of trimethylplatinum(IV) complexes of the pyridyl-imino-
amino ligand were prepared as shown from I-55‒57. However the crystal 
structures were not obtained and only the physical and spectroscopic data were 
reported.
94
 1,3-azido bridged ferromagnetic Cu(II) chains I-58 and I-59 were 
reported by Dalai et al., in which the azido bridge can serve as a 
superexchange pathway for propagating magnetic interactions between the 
magnetic centres, giving unusual magnetic behaviours.
95
 I-60 and I-61 show 
the use of dicyanamide as bridges, giving 1D coordination polymers with a 
1,5-coordination to dicyanamide from the metal centres. The Cu(II) polymer I-
60 showed very weak antiferromagnetic interactions between the Cu(II) ions 
through the 1,5-bridge,
96
 while the Zn(II) polymer I-61 demonstrated strong 
blue emission in methanol.
97
 Zn(II) complex I-62 was evaluated for DNA 
interaction studies and showed binding to DNA through an increase in 
emission intensity despite no nuclease activity due to lack of redox 
properties.
98
 1,1-azido-bridged and isocyanate-bridged pyrimidine-based 
dinuclear Zn(II) and Cd(II) complexes, I-63a‒b and I-64, were prepared by 
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Ray et al. and the Zn(II) complexes exhibited even higher emission than the 





1.2.1.2. Amino linker 





Another common linker used is the amino group whereby the amine N 
atom would also allow flexibility of the pendant and side arms for 
coordination to the metal centres. Figure 1.9 shows a series of reported [N,N,N] 
tridentate hybrid ligands containing the amino linker. Trimethylplatinum(IV) 
complex I-65 was prepared from the oxidation addition of MeI to the Pt(II) 
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bidentate square planar [N,N] complexes without the coordination of the 
terminal amino side arm. The oxidation from Pt(II) to Pt(IV) allows the 
formation of the octahedral geometry and hence fac-coordination of the 
[N,N,N] ligand occurred with iodide as counterion.
100
 Simple Pd(II) complex 
I-66 with bis(2-pyridylmethyl)amine was prepared by Bugarčić et al. and the 
kinetics of the substitution of the chloro group with thiols and pyridines were 
studied in comparison to other {Pd[N,N,N]Cl} complexes. It was found that 
the greater the amount of π-acceptor effect from the [N,N,N] ligands, the more 
reactive the complex is towards substitution reaction.
101
 Neutral Re(I) 
tricarbonyl complexes I-67a‒f were prepared and studied by Marzilli and co-
workers using terminal sulfonamido and amido groups. The chelate rings of I-
67c showed same pucker chirality in solid state structure which is unusual due 
to the intra- and intermolecular hydrogen bonding of the sulfonamide oxygen 
atom with NH2 groups.
102
  Pd(II) and Pt(II) complexes I-68a‒b showed 
cytotoxicity to human cervical cancer (HeLa) cells though I-68a is less 
effective than well-known anti-cancer drug cisplatin.
103
 Quinolinyl-anilido-
imino rare-earth metal complexes I-69a‒c were prepared by Mu and co-
workers. The complexes were used for ring-opening polymerization (ROMP) 





I-70‒73 contain bis(quinolinyl)amide (BQA) pincer-type as binding 
site whereby the ligand design affects the site-selective installation of Pd and 
Pt metals to generate homo- and heteropolymetallic motifs. The use of 
dipyridylamine allows selective coordination to take place at its binding 
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pocket before the insertion of metal into the BQA binding site. Sequential 
metal binding allows the formation of bimetallic and trimetallic complex like 






 Water soluble Cu(II) complex 
I-74 containing bis(2-quinolinylmethyl)benzylamine was active for self-
activated DNA cleavage and also demonstrated potential cytotoxicity against 
HeLa cells.
106
 Lastly, our group has prepared Fe(II) complex I-75 containing 
functionalized amine-pyrazolyl tripodal ligand. I-75 was employed in the 
cross-coupling of aryl Grignard with primary and secondary alkyl halides and 
showed good catalytic activity under ambient conditions. The tether 
substituent thiophene did not coordinate but the spacer pushed the central 
amino nitrogen towards the Fe(II) centre within bonding distance. The use of 
other pendant groups like tetrahydrofuran and pyridine all yielded different 














1.2.1.3. Pyridyl linker 
 






The use of pyridyl linker provides a more rigid framework where the 
pyridyl group is 2,6-disubstituted to act as the bridging linker. Examples of 
[N,N,N] tridentate hybrid ligands containing the pyridyl linker are shown in 
Figure 1.10. Ru(II) complexes containing 2,6-bis(1H-pyrazol-3-yl)pyridine 
with allyl pendants I-76a‒b  are highly active for the transfer hydrogenation of 
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aryl ketones at room temperature. Replacement of the PPh3 group by bubbling 
CO gas was carried out. However, the carbonyl complexes I-76c‒d exhibited 
poor catalytic activities.
108
 The Fe(III) complex with bis(pyrazolyl) I-77 was 
reported by Kurtaran and co-workers whereby thermal analysis and 
voltammetric studies were carried out, showing irreversible behaviour in 
cyclic voltammetry.
109
 They also reported a chloro-bridged dimeric Cd(II) 
isothiocyanate complex I-78 and its X-ray crystal structure.
110
 Ir(III) bis-
tridentate complex, I-79, prepared by refluxing IrCl3.3H2O with 2.2 
equivalents of the ligand before precipitation with KPF6, has a strong emission 
band between 525-575 nm in both solid and liquid state, showing its potential 
as photoluminescent materials.
111
 Chen et al. prepared Eu complexes I-80a‒c 
with oxadiazole substituted 2,2’-bipyridine ligands and studied their 
electroluminescent properties. Applying the complexes with high 
photoluminescence quantum yields to devices achieved good brightness and 
power efficiency.
112
Monomethylaluminum complexes bearing 
pyrrolylpyridylamido I-81a‒b was used as initiators for ring-opening 
polymerization of ε-carprolactone, L-lactide, and D,L-lactide. Random 
copolymerization of ε-carprolactone and the lactides were excellently 
controlled as indicated by the reactivity ratio and the average lengths of the 
caprolyl and lactidyl sequences with narrow molecular weight distribution.
113
  
Pellecchia and co-workers also synthesized Zr(IV) complexes I-82a‒f for the 
polymerization of ethylene and propene using Al
i
Bu2H as co-catalyst, giving 
ultrahigh molecular weight linear polyethylene and isotactic polypropylene via 
an “enantiomorphoric sites” mechanism of steric control.114   
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 The potentially pentadentate but functionally tridentate Schiff base 
chelate forms octahedral complexes with Ni(II) with non-coordinated S donors 
as I-83a‒b. The Ni(II) metal centre is supported by the [N,N,N] chelation as 
well as a [N,S] bidentate donor, obtained from the hydrolysis of the parent 
Schiff base ligand, and a halide ion.
115
 2-(N-alkylcarboxamide)-6-
iminopyridine Pd(II) complexes I-84a‒g exhibited good activities in the vinyl-
polymerization of norbornene upon activation with MAO,
116
 while the other 
Pd(II) pincer complexes were used for chemical mustard containment whereby 
the labile acetonitrile molecule would be replaced by 2-chloroethyl sulfide 
readily to give Pd(II) complexes I-85a‒e. The variation of the size of the aryl 
group would result in significant size-related increase in binding.
117
 Boron 
complexes, I-86a‒d, with high quantum yields, can act as fluorescent dyes and 
I-86d with the long alkyl chain was used for cell-imaging as it has binding 
capability towards the nuclear membranes of HeLa cells.
118
 Largy et al. 
prepared bis(quinolyl) and bis(benzimidazolyl) Pd(II), Cu(II) and Pt(II) 
complexes I-87a‒f and I-88a‒c. The complexes were tested for their G-
quadruplex-DNA binding properties, with Pd(II) complexes being the most 










1.2.1.4. Other linkers 





There are many other N donor linker groups other than imino, amino 
and pyridyl. I-89 is a type of tripodal ligand that is modified from scorpionate 
ligands. Having two pyrazolyl donors, the third donor such as pyridine (I-89a), 
N-methylimidazole (I-89b) and amino group NHCH2Ph (I-89c) were used. 
Cr(III) complexes I-89a‒c were further reacted with AlMe3 to isolate the Cr-
Al bimetallic intermediates in ethylene trimerization.
120
 
Bis(pyrazolyl)cyclotriphosphazenes was reacted with Mo(0) and W(0) 
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carbonyl precursors to give a fac- tridentate coordination, with a rare example 
of the ring nitrogen atom coordinating to the metal in I-90.
121
 Pyrrole, as the 
bridging linker, was present in I-91 and I-92, with piperidine and pyrrolidine 
as side arms for I-91 and pyrazole for I-92. Rare-earth metal complexes of I-
91a‒d were used in selective living polymerization of isoprene. The smaller 
Sc complexes, I-91a and I-91d, are 3,4-selective, while the larger Y complex 
I-91b provides a high cis-1,4-selectivity.  The medium Lu complex I-91c 
gives atactic polyisoprene, which might be attributed to the steric environment 
around the metal centre, thus allowing different coordination modes of the 
isoprene monomer.
122
 Pd(II) complex I-92 containing bis(pyrazolyl)pyrrolyl 
ligand was prepared from the reaction of the ligand with n-BuLi before 
addition of the Pd(II) precursor, elucidating crystal structures of the dimeric Li 
intermediates as well.
123
 The use of pyrimidine as linker was reported by 
Bushuev et al. using pyridine and pyrazole as the other N donors. The Fe(II) 
complexes I-93a‒d and I-94c‒d were in high spin state, with only I-93a 
exhibiting spin crossover properties.
124
 Cu(II) complexes I-94a‒b can form 
mononuclear or oligonuclear complexes depending on the stoichiometric ratio 
of the metal:ligand ratio as well as the reaction conditions, showing the 
importance of kinetic and thermodynamic control.
125
 Lastly, isoindoline 
bridges are present in I-95‒97. The chiral Co(II) complex I-95 was used in an 
asymmetric hydrosilylation of alkyl-aryl ketones into chiral alcohols with high 
yields and enantioselectivity,
126
 while for Pd(II) complexes I-96 and I-97, the 







1.2.1.5. [N,N,N] tridentate hybrid ligands containing 1,2,3-triazoles 
 





 With CuAAC offering a convenient way to prepare 1,2,3-triazoles as 
discussed in Section 1.1.4, many [N,N,N] tridentate hybrid ligands containing 
1,2,3-triazoles have also been reported. Figure 1.12 shows two reports on the 
hybrid ligand containing one moiety of triazole. Adolfsson et al. have used 
related amino-acid derived mono-1,4-disubstituted 1,2,3-triazolyl containing 
tridentate chelators, I-98a‒i, as ligands in asymmetric transfer hydrogenation 
reactions with [RhCl2Cp*]2, showing good conversion (62‒79%) and high ee 
(71‒93%).128 On the other hand, Chandrasekher and co-workers have prepared 
Fe(II) complexes I-99a‒d, containing pyridyl, triazolyl and pyrazolyl, and 
examined their magnetic properties. While I-99a‒c showed reversible spin-







Scheme 1.3. Synthetic routes of 2,6-bis(1-R-1,2,3,-triazolyl-4-yl)pyridine 
ligand (BTP) support transition metal complexes.
130-134
 (i) for I-110a‒b, 
Eu(ClO4)3, EtOH, reflux 3 h; for I-110c‒d, Eu(OTf)3, THF, r.t. 10 min; (ii) 
Ru(terpy)Cl3, catalytic N-ethyl morpholine, MeOH, reflux, 24 h, NH4PF6; (iii) 
for I-112a‒b, FeSO4, H2O, EtOH, 55 °C, 30 min, KPF6; for I-112c‒d, 
Ru(DMSO)4Cl2, ethylene glycol, MeOH, H2O, 100 °C, 2.5 h, NH4PF6; for I-
112e‒g, Fe(OTf)2(MeCN)2, MeCN, r.t. 10 min; for I-112h, Ru(DMSO)4Cl2, 
AgOTf, DMF, reflux, 12 h; for I-112i‒j, Ru(DMSO)4Cl2, ethylene glycol, 
reflux 2 h, NH4PF6; for I-112k, Ru(DMSO)4Cl2, DMF, reflux 2 h, NH4PF6; for 
I-112l, Ru(DMSO)4Cl2, ethylene glycol 180 °C, 30 min, NH4PF6; for I-112m, 
RuCl3, DMF, 145 °C, 3 h, NaPF6; (iv) for I-113a, Cu(BF4)2, MeCN, py; for I-
113b and I-113e, Ru(DMSO)4Cl2, CH2Cl2, reflux 2 h; for I-113c, 
Ru(DMSO)4Cl2, MeCN, reflux 1 h; for I-113d, Ru(DMSO)4Cl2, MeCN, reflux 
6 h; (v) for I-114a, CuCl2, EtOH/CHCl3 (1:1), 60 °C, 1 h; for I-114b, ZnBr2, 





Scheme 1.4. Synthetic routes of 2,6-bis(4-R-1,2,3-triazolyl-1-
ylmethyl)pyridine (IBTP) transition metal complexes.
134,135
 (i) CuCl2, 
EtOH/CHCl3 (1:1), 60 °C, 1 h; (ii) AgSbF4, acetone, CH2Cl2, r.t., 1 h; (iii) 
M(ClO4)2, MeOH, r.t.. 
  
[N,N,N] tridentate hybrid ligands containing two triazolyl moieties are 
as shown in Scheme 1.3 and 1.4. “Regular” 2,6-bis(1-R-1,2,3,-triazolyl-4-
yl)pyridine (BTP) is readily tunable analogue of terpyridine and commonly 
coordinate to metal centre through the pyridyl and N3 atoms of the triazolyl 
moiety, resulting in tridentate coordination to the metal centre. Many 
corresponding metal complexes have been prepared (Scheme 1.3). Flood and 
Hecht first prepared the Ru(II), Fe(II) and Eu(III) complexes in 2007 (I-100a‒
d and I-102a‒b).130 Schubert et al. then applied such ligands to prepare a 
series of heteroleptic Ru(II) complexes consisting of either BTP and 
terpyridine (I-101a‒b) or two different BTP ligands as shown (I-102c‒d).131 
More recent work by Hecht also incorporated various electron-donating and 
electron-withdrawing substituents on the central pyridine ring or the triazolyl 
ring or on both. Their 1:1 ratio reaction with Zn(II) and Cu(II) gave five-
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coordinated complexes (I-104a‒b), while the 2:1 ratio reaction with Cu(II), 
Fe(II) and Ru(II) generated octahedral complexes (I-102e‒l and I-103a‒e).  
The magnetic and electrochemical studies of the prepared complexes were 
carried out to study the effect of the variation of the electronic properties.
 132
 
Such ligands have also been used to prepare metallostar polymers by using the 
Ru(II) complexes as metal template and incorporating polymer chains (I-100d 
and I-102m).
133
 Moreover, Crowley et al. prepared a tetrameric structure (I-
105) using AgSbF4 and BTP ligand, whereby the Ag(I) centres were bridged 





“Inverse” 2,6-bis(4-R-1,2,3-triazolyl-1-ylmethyl)pyridine ligands 
(IBTP) have also been studied (Scheme 1.4). In Crowley’s work, IBTP was 
applied to Cu(II) and Ag(I) with mononuclear structures expected. The Cu(II) 
complex gave a trigonal pyramidal geometry (I-106). However, polymeric 
Ag(I) complex I-107 was obtained with a 4,4-net structure and the tetrahedral 
Ag(I) centres were supported by pyridyl-triazolyl (N2) chelate from one ligand 
and two other N3 of triazolyl units from other ligand.
134
 Zhu and co-workers, 
on the other hand, prepared octahedral Cu(II), Fe(II) and Co(II) complexes (I-








1.2.2. [N,O,N] tridentate hybrid ligands 
Few [N,O,N] tridentate hybrid ligands have been reported to date. Simple 
amino ethers such as bis(2-dimethylaminoethyl)oxide (Me4daeo) by Nardi in 
1967,
136
 2,2’-ethylether diamine (eeda) by Reilley in 1973 137  and bis-2-
aminoethyl ether (oden) by Vacca in 1974,
138
 were explored to examine 
whether the oxygen atom would coordinate to metal centres and give two 5-
membered rings instead of an 8-membered chelate ring. The metals explored 
include Fe(II), Cu(II), Co(II), Ni(II) and Zn(II), and it was demonstrated that 
five-coordinated complexes were formed with the 3d metals as determined 
through NMR analysis, magnetic measurements and calorimetric results. 
Coordination of eeda to [PtMe3][BF4] was also reported by Perkins to give a 
six-coordinated cationic complex of [PtMe3(eeda)][BF4].
139
 
Recent work on [N,O,N] involves heterocycles such as pyridine, quinoline, 
pyrazole and benzimidazole. The more commonly reported ligand includes 
2,2’-(oxydimethylene)dipyridine which is as shown in Scheme 1.5. In the 
reaction with RuCl2(PPh3)3 before precipitation with NH4BF4, Xue and co-
workers applied the prepared I-109 complex for the transfer hydrogenation of 
ketones.
140
 The Cr(III) complex I-110 formed from the mer-coordination of 
2,2’-(oxydimethylene)dipyridine exhibited moderate activity with 9.8 x 105 
gPE(mol Cr h
-1
) with methylaluminoxane (MAO) as co-catalyst. 
141
 Li, on the 
other hand, demonstrated that [N,O,N] tridentate coordination takes place with 
Zn(II), Cd(II) and Cu(II) in a distorted trigonal-bipyrimidal fashion (I-111a‒
c).
142
 Two discrete cations were obtained by Zhang upon addition of HCl to 
the mixture of the ligand with CuClO4 in MeOH/H2O in I-112, containing 
both a 4-coordinated and 5-coordinated Cu(II) metal centres. A Mo(0) 
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complex I-113 was also prepared from the reaction with  [Mo(CO)3(MeCN)3] 
formed in-situ from [Mo(CO)6] in MeCN, and it was shown that the trans-
effect from the weak donor property of the ether ligand gave rise to a short 
Mo‒CO bond length.143 A mixed donor system of [N,N] bidentate ligand, 
bipyridine (bipy), phenanthroline (phen) or N,N,N’,N’-
tetramethylethylenediammine (tmen), with [N,O,N] ligand on Cu(II) was 
prepared by Wang to study tyrosinase-like reactivity of copper complexes in 
oxygenation of phenols (I-114a‒c). In the crystal structure elucidated for I-
114a, it was shown that a perchlorate ion coordinates to the Cu(II) centre to 
give a distorted octahedral structure instead of a 5-coordinated complex.
144
 
Scheme 1.5. Synthetic routes of 2,2’-(oxydimethylene)dipyridine ligand 
supported transition metal complexes.
140-144
 (i) RuCl2(PPh3)3, EtOH, reflux 8 h, 
NH4BF4; (ii) CrCl3(THF)3, CH2Cl2, reflux 60 °C, 20 h; (iii) MCl2.xH2O, 
MeOH/H2O; (iv) Cu(ClO4)2, MeOH/H2O, HCl; (v) Mo(CO)6, MeCN, 80 °C, 1 




Other than 2,2’-(oxydimethylene)dipyridine, Figure 1.13 shows other 
heterocycle-based [N,O,N] tridentate hybrid metal complexes. With the one of 
the pyridine moieties being replaced by quinoline, three types of [N,O,N] 
ligands were obtained by variation of the length of the methylene bridge 
adjacent to the ether oxygen atom as shown in I-115‒117 and I-119.145 8-(2-
pyridylmethoxy)quinoline as demonstrated in I-115a‒e was first explored by 
Steel
146
 in 2003 whereby the oxygen atom did not coordinate in the Pd(II) 
complex I-115a, giving an 8-membered chelate ring of [N,N] bidentate 
coordination to PdCl2. The CuCl2 analogue on the other hand showed a 
[N,O,N] coordination, resulting in a distorted square-pyramidal geometry. 
Meridional attachment of the [N,O,N] ligand gave an octahedral Ni(II) atom 
with two trans-disposed coordinated water molecules and a coordinated 
acetonitrile molecule in the cation unit when reacted with Ni(NO3)2. I-116b, I-
117 and I-118 were prepared by Hu and co-workers together with I-110
141
 and 
the same applies for I-115d and I-116a by Xue with I-109.
140 
Benzimidazole-
based systems are as shown for I-120 and I-121 whereby I-120a‒c were 
examined for their electrochemical behaviours while I-121 was explored by 
Wang in conjunction with I-124.
144
 Our group has also prepared 
heteroscorpionate [N,O,N] Cr(III) complexes consisting of two pyrazolyl 
moieties with the ether linkage acting as the pendant group is shown in I-122 
which demonstrated high C6 selectivity of >96% towards trimerization of 
ethylene, showing  the importance of a hemilabile group in providing extra 
stability to the metal centre.
147
 A more unique case of preparing [N,O,N] 
ligands through pyrazolylborate chemistry was explored by Wagner
148
 with 
the structure shown in I-123, which was further complexed with Fe(II) and 
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With the development of the CuAAC reaction in the 2000s, the 
inclusion of 1,2,3-triazole into [N,O,N] hybrid system became more feasible 
and convenient. Although the quinolyl-1,2,3-triazolyl core has often been used 
in chemosensors as discussed above, not much work has been carried out to 
apply such hybrid molecules as ligands for complexation with metal 
complexes. To the best of my knowledge, the potential physical and catalytic 
behaviours of such metal complexes have not been explored. Previous studies 
by our group in 2009 on Pd(II) complexes of quinolyl-triazolyl [N,O,N] 
ligands and their catalytic activity showed that these complexes were good 
catalysts for Suzuki-Miyaura coupling in aqueous medium in which the X-ray 
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crystal structures also showed no coordination of the oxygen atom towards 
Pd(II) metal centre as seen in I-124 (Figure 1.13).
150
 Hence, further work is to 
be carried out from the complexation to other metal centres to examine the 
coordination behaviour of the ether oxygen atom, which is to be discussed in 
Chapter 3. 
 
1.3. Nanoclusters as Heterogeneous Catalysts via Grafting on 
Surfaces 
From the above section on tridentate hybrid metal complexes as 
homogeneous catalysts, we would often think of heterogeneous catalysis 
where the catalysts can be recycled and reused. As a side track from hybrid 
systems, we are interested to look at simple grafting of metal salts or 
complexes onto surfaces such as metals or oxides, often known as surface 
organometallic chemistry.
151
 Numerous supported metal catalysts have been 
utilized for many applications, with their main advantages in easy separation 
of the catalyst and reaction medium, high durability of the catalysts and 
unique catalytic performance from that of the homogenous analogues.
152
 From 
there, we can further transform the supported metal salts into nanoclusters 
through reduction which exhibits more uniformed dispersion of the particles 






1.3.1. Grafting of metal molecules on surfaces 
Grafting refers to the immobilization of the metal catalyst on a solid 
support
153
 which includes organic polymer materials,
154





 MCM-41 and many more.
157
 Selection of the 
appropriate support is important to achieve synergistic effect between the 
surface and metal as well as to ensure the stability of the support under the 
catalytic reaction conditions.
158
 A variety of grafted/anchored metal species on 







 and covalent binding
162
 have been 
developed to-date. With the use of coordinative anchorage of the metal 
complex onto Aerosil 300 in Chapter 4, a few reported examples of using such 
method will be discussed in this section. 
  
Coordinative anchorage refers to immobilization through coordinative 
binding between the metal centre of the complex and an axial donor which is 
covalently anchored onto a support.
163
 Hara and Sawamura
164
 prepared 
compact phosphane molecules arrayed on a single crystal Au surface from the 
attachment of the thiol group before coordination of [RhCl(C2H4)2]2 to the 
phosphine atom to give I-125 in Scheme 1.6. The attachment of the Rh 
complex onto the surface was inferred from X-ray photoelectron spectroscopy 
(XPS) with Rh 3d5/2 peak at 307.6 eV and a Cl 2p peak at 198.6 eV observed, 
and also indicated a 1:1 complex from the amount of Rh and P estimated. I-
125 is extremely robust and highly efficient in terms of reusability compared 
to homogenous Rh catalyst. Dehydrogenative silylation of ethanol with 
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hydrosilane was carried out and I-125 gave a high turnover number (TON) of 
60000 after 16 h at 297 K, which was much higher than that of the precursor 
complex, [RhCl(C2H4)2]2, in homogeneous solution with TON of 15000. The 
plate-like shape of I-125 also allowed easy separation of the catalyst and 
recyclability with less than 0.5% leaching of the Rh complex. TON of 55000 
was achieved during the fourth-run. 
 
Scheme 1.6. Preparation of Au-supported Rh complex I-125.
164
 







Hara et al. reported the functionalization of a single-crystal Si(111) 
surface with a bisoxazoline (BOX) moiety I-126 (Figure 1.14).
165
 The BOX 
moiety was attached to the Si(111) surface through a robust Si‒C bond derived 
from the reaction of the terminal vinyl group of the alkyl substituent on BOX 
with Si‒H of the hydrogen-terminated Si(111) surface. After the BOX moiety 
reacts with Pd(OAc)2 to give I-126 which was applied to the aerobic oxidation 
of alcohols, a very high TON of 780000 was achieved. However, aliphatic 
alcohols (1-octanol) showed no reaction. Iwasaka and co-workers prepared 
unsaturated Ru complex I-127 and chiral vanadium Schiff base complex I-138 
on SiO2 surfaces. I-127 was prepared from the attachment of the Ru diamine-
complex containing p-styryl-functionalized moiety as a grafting unit before 
treatment with isobutyraldehyde (IBA)/O2 to release the p-cymene ligand 
attached to Ru. An unsaturated Ru complex was formed, and it was active for 
epoxidation of alkenes with IBA/O2 with no degradation unlike the Ru 
homogeneous catalyst which lost its activity in the reaction mixture for trans-
stilbene epoxidation.
166
 Chiral self-dimerization of vanadium Schiff base 
monomers via hydrogen-bonding was determined by FT-IR and EXAFS 
results showed no direct V‒V bonding. The oxidative coupling of 2-napthanol 
to BINOL by I-128 gave a high enantioselectivity (90% ee) with 93% 
conversion on the V 3.4 wt% catalyst, showing that the chiral self-




Silica-supported Mo-imido alkylidene complex I-129 was prepared by 
Schrock to apply for olefin metathesis reactions.
168
 At room temperature, I-
129 smoothly converted propene in a batch reactor, reaching equilibrium 
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within 20 minutes (around 30% conversion, E/Z-butene ratio = 2.6). For 1-
octene, I-129 showed a turnover frequency of 0.06 s
-1
 in 10 minutes, 3 times 
higher than a homogeneous catalyst in 48 h, showing its supremacy. The 
chemical bonding between the SiO2 surface and the Mo imido alkylidene 
complex is suggested to prevent some deactivation pathways such as 
dimerization of reactive intermediates, resulting in longer lifetime under 
metathesis reaction conditions. Manganese 1,4,7-trimethyl-1,4,7-
triazacyclononane (tmtacn) complexes were directly grafted on oxide surfaces 
functionalized with carboxylic acid formed in-situ under oxidation conditions 
in H2O2 to give I-130.
169
 The carboxylic acid functions as a co-catalyst and the 
oxidation of cis-cyclooctene gave a TON of 600 with a diol-selectivity of 36%. 
In-situ formation of the active structure on the molecularly well-organized 
surfaces avoids complicated synthetic modifications for grafting ligands on 
oxide surfaces, and provides a more productive catalyst by embedding the 




1.3.2. Transformation to metal nanoclusters 
Metal nanocluster catalysts, which consist of several assembled metal 
atoms, exhibit unique catalytic performances that are not observed in 
monometallic metal complexes due to their metal-metal bonding 
interactions.
171
 The attachment of metal nanocluster catalysts on an 
appropriate surface makes them more stable and recyclable during catalytic 
reaction.
172
 Currently, the preparation methods of single-site metal 
nanoparticles on surfaces include dissolving a catalyst precursor in a solvent 
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containing the suspended support, addition of reducing agent, and then 
removing the solvent by evaporation. Ligands originally coordinated to the 
metal precursor are replaced by hydroxyl or oxide groups on the surface of the 
support.
173
 Examples include the preparation of bimetallic RhMo nanoclusters 
from the impregnation of [Rh2Mo(η
5
-C5Me5)2(S2C6H4)2(CO)2] through a CO 
exchange reaction with surface hydroxyl groups on SiO2, TiO2 and γ-Al2O3 
before hydrogen reduction, which was used for alcohol oxidation.
174
 Theolier 
reacted Ru3(CO)12 in pentane with the silica plate to give HRu3(CO)10–
OSiMe3 before reduction to metallic Ru particles coated with CO,
175
 while Pt 
and Pd supported on alumina are prepared by a toluene solution of platinum or 
palladium acetylacetonate mixed with γ-Al2O3 before reduction under 
hydrogen.
176
 Much effort has been devoted to influencing the distribution and 
dispersion of supported catalysts made in this fashion. Thermal pre-treatments 
of the support that remove adsorbed water and then reduce the number of 
surface hydroxyl groups through condensation reactions may be used to “tailor” 
the distribution of potential binding sites for a catalyst.
177
 However, particles 
of wide size and composition distribution are often obtained due to the 
different configuration of the surface hydroxyl groups which produces 
different, atomically dispersed surface bound metal species.
178
 Hence, it is 
difficult to prepare metal nanoparticles of specific size and composition that 
have  unique catalytic activity.
179
   
 
Therefore, in Chapter 4, we will demonstrate the use of coordination 
programming
180
 by coordination anchorage to assemble a pre-determined 
number and type of metal ions as a precursor of metal nanoparticles and to 
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reduce metal ions without further aggregation. Instead of direct coordination 
of the metal precursor to the surface, a pyridyl-anchored ligand will be used to 
coordinate to the metal centre, hence eliminating the effect from the different 
configuration of the surface hydroxyl groups and affecting the type of metal 
species formed. The grafted metal complex would then be reduced to metal 
nanoclusters with small size distribution after treatment with hydrogen gas 
under heating. This method of preparing surface nanoclusters has not been 
documented, though the preparation of nanostructured heterogeneous catalyst 




 To the best of my knowledge, there is only one report on the use of 
covalent attachment of anchor linkers onto the surface before coordination of 
metal precursors to the anchors through metal-ligand coordination bond 
followed by hydrogen gas reduction treatment. Bounanis prepared Ru and Fe 
nanoparticles on single-walled nanotubes (SWNTs) via a self-assembled 
monolayer (SAM) of metal complexes or salts on SiO2. Thermal silica coated 
silicon wafer was modified with pyridine anchors before the addition of FeCl3, 
RuCl3 or Ru(TPP). Dispersed metallic nanoparticles were formed from 
hydrogen treatment in 5 minutes under a hot filament before the formation of 
SWNTs by double hot filament-assisted chemical vapour deposition (d-
HFCVD) in methane and hydrogen, giving small-sized and mono-dispersed 
catalytic nanoparticles on SWNTs mats used for field effect transistors.
182
 This 
shows the potential on the use of this method for preparation of surface oxide 




1.4. Summary and Project Aims 
 
With considerable interests in hybrid molecules over the years due to 
their highly versatile nature with many potential applications as organic 
moieties or ligands, many hybrid molecules have been reported and well 
discussed over the years. However, further expansion using CuAAC as a 
method to prepare more novel hybrid tridentate molecules still have much 
room for improvement, especially for the [N,O,N] system, while incorporating 
in the quinoline moiety as well. This would allow bi-functional applications of 
the hybrid molecules with potential photoluminescence application as well as 
catalytic active metal complexes. Hence, the objective of this thesis is to 
develop and expand the structural studies of new transition metal complexes 
containing the novel [N,O,N] and [N,N,N] hybrid ligands of the quinolyl-
triazolyl system which have not been explored. At the same time, the potential 
chemosensing properties of the hybrid molecules will be examined. A side 
interest in heterogeneous catalysis will also be fulfilled through the grafting of 
Ru precursor onto the silica surface through coordination programming before 
transformation into nanoclusters to achieve uniform dispersion with small size 
distribution. 
 
This work will begin with the preparation of the [N,O,N] and [N,N,N] 
hybrid molecules and screening of their chemosensing properties as presented 
in the next chapter. The following chapter will describe the synthesis of Pd(II) 
[N,N,N] complexes and their application to the Suzuki-Miyaura reaction, as 
well as the complexation of [N,O,N] ligands with Zn(II), Co(II) and Cu(II). 
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The solid photoluminescence properties for Zn(II) [N,O,N] complexes will be 
examined, while aerobic epoxidation of olefins with Co(II) [N,O,N] 
complexes and CuAAC and aerobic oxidation of alcohols with Cu(II) [N,O,N] 
complexes will be explored. The catalytic reactions were chosen for their 
practical significance as well as studying the underlying challenges for using 
the quinolyl-triazolyl metal complexes as potential catalysts. The last chapter 
describes the collaboration work with Prof. Mizuki Tada (previously at 
Institute of Molecular Sciences) in the coordination programming of Ru3 
cluster complex onto silica surface via a ligand exchange reaction before 
undergoing reduction process to form Ru nanocluster, which exhibited 
improved catalytic activity over homogenous catalysis in the oxidation of 
alcohols. A range of substrates would be examined to determine the reaction 







Chapter 2:  Synthesis and Chemosensing Properties of 
[N,N,N] and [N,O,N] Hybrid Molecules 
 
 Quinoline and its derivatives are known for its distinct emission and 
absorption wavelengths. Acting as metal chelators and receptors, fluorogenic 
responses are achieved toward a variety of metal ions, hence making them an 
attractive chromophore.
25, 32-53
 On the other hand, 1,2,3-triazoles are robust 5-
membered N-heterocyclic rings that can be prepared readily from the CuAAC 
reaction.
63
 Many triazolyl-based chemosensors have also been reported and 
developed, with triazolyl acting as a potential binding site for metal ions as 
well.
67-73 
The CuAAC methodology is an attractive way to obtain 8-
hydroquinoline (8-HQ) and 8-aminoquinoline (8-AQ) derivatives. Reaction of 
8-HQ and 8-AQ with propargyl bromide followed by the CuAAC reaction 
affords a series of triazolyl-based derivatives that can be potentially used as 
chemosensors. Previous reports have demonstrated the use of 8-













 However, 8-AQ derivatives 
containing a 1,2,3-triazolyl moiety have not been reported and hence it would 
be of interest to investigate the potential chemosensing properties of these 
potential [N,N,N] chelators. In this chapter, the synthesis and screening of 
chemosensing properties of a series of [N,N,N] and [N,O,N] hybrid molecules 






2.1. [N,N,N] Hybrid Molecules 
2.1.1. Synthesis of [N,N,N] hybrid molecules 
Scheme 2.1. Synthetic scheme of the alkyne precursor L0 and ligands L1-6. 
  
The ligands L1-6 were synthesized from a two-step reaction as shown 
in Scheme 2.1. The alkyne precursor, L0, was first prepared by propargylation 
of the primary amine group of 8-AQ using propargyl bromide in the presence 
of K2CO3 as base. Moderate yields of 40 to 47 % were obtained. FT-IR and 
1
H 
NMR spectroscopy confirmed the identity of these ligands. An N-H stretch at 
3397 cm
-1
 in the IR spectrum and a triplet at δ 7.41 ppm in 1H NMR spectrum 
indicated the presence of the NH proton. Similarly, a C≡C stretch at 3291 cm-1 
and bending mode at 2114 cm
-1
 in the IR spectrum indicated the presence of 
the alkyne. The 
13
C NMR spectrum also showed the C≡C carbons at δ 72.9 
and 81.8 ppm. Next, CuAAC reaction between the alkyne precursor and the 
51 
 
organic halide was carried out. This involves a one-pot two-step reaction 
where the organic azide was generated in-situ from the reaction of sodium 
azide and the organic halide in DMSO for 2 h,
183
 before the addition of the 
alkyne L0, CuSO4.5H2O, Na2CO3 and sodium ascorbate. When all the 
reactants were added together at the start of the reaction, the reaction was 
unsuccessful. This might be due to side-product formation as a result of the 
nucleophilicity of the secondary amino group. Ligands L1-6 were prepared in 




C NMR analysis and ESI-MS. In the 
1
H NMR spectrum, the secondary 
amine group gave a triplet between δ 6.8-6.9 ppm, a downfield shift of δ 0.5 
ppm after the CuAAC reaction, which corresponds to a slight decrease in 
electron density. The triazolyl proton was found in the range of δ 7.8-8.0 ppm. 





further confirming the identity of these ligands. The ligands are soluble in 
polar solvents such as CHCl3, MeCN and DMSO, with the exception of L5 
which is soluble in hexane due to the presence of the long dodecane side chain. 
L1-6 are new ligands which have not been reported in literature, owning to the 
lack of 8-AQ-triazolyl compounds. This would contribute a novel system of 
hybrid ligands to the [N,N,N] pincer type of ligands used for selective 





The UV-visible spectra of L1-6 were also recorded in CHCl3 from 280 
to 500 nm as shown in Figure 2.1. With the exception of L4, the ligands gave 
two maxima at around 340 and 360 nm, similar to that of 8-AQ which 
52 
 
corresponds to the n  π* and π  π* transitions. 184  L4 gave the 
characteristic emission of the anthracene moiety which has 4 peaks at 336, 352, 
270 and 390 nm.
185
 However, the emission of the naphthalene moiety of L2 
expected at around 322 and 333 nm
186
 could not be observed due to 
overwhelming emission of the 8-AQ core. 
   
Figure 2.1. UV-visible spectra of L1-6 in CHCl3. 
 
2.1.2. Screening of [N,N,N] hybrid molecules for chemosensing properties 
  
Figure 2.2. Area response graph for L1-6 upon addition of the ClO4
-


























equiv.), λex = 330 nm. Bars represented the final integrated fluorescence 
response (F) after addition of metal ion over the initial integrated emission (F0). 









































































(10 equiv.), λex = 330 nm. 
 



























(10 equiv.), λex = 330 nm. 














































































































































(10 equiv.), λex = 330 nm.  
 
Table 2.1. Summary of maximum emission wavelengths /nm of L1-3, L5-6 
upon addition of Ag
+
, Cd2+ and Zn
2+, λex = 330 nm. 
 L1 L2 L3 L5 L6 
Ag
+
 505 518 514 518 514 
Cd2+ 508 510 509 510 512 
Zn2+ 518 516 518 516 511 
λem 456 457 458 460 462 
 
The fluorometric behaviour of  L1-6 in CHCl3 was explored upon 

























. The integrated area of bands was obtained 
from the emission spectra before and after the addition of the metal 
perchlorate salts, giving the final integrated fluorescence response (F) after 
addition of metal ion and the initial integrated emission (F0). The ratio of (F/F0) 
would indicate whether the quenching (F/F0<1), the enhancement (F/F0>1), or 

























































no effect of the metal ions (F/F0=1) on the emission takes place. The area 









 have a positive response towards L1-6 with (F/F0) greater than 1, which 
can be attributed to chelation enhanced effect (CHEF) and internal charge 
transfer (ICT) response. The selected fluorescence spectra of L2-4 are shown 
in Figures 2.3 to 2.5, as L1, L5 and L6 showed similar fluorescence response 
to L2 and L3 (Supplementary Information, Chapter 5.3). Except for L4 which 
showed the emission of the anthracene moiety, the emission spectra of L1-3 
and L5-6 showed maxima at around 457 nm upon excitation at 330 nm, 
corresponding to the n  π* and π  π* transitions, similar to the 8-AQ 
emission.
184




, did not bring 
about significant changes in the emission spectra. While the transition metal 
ions mostly resulted in quenching, positive responses of increase in intensity 














are as shown in Table 2.1. With the emission after the 
addition of Ag
+ 




, it is not 
possible to differentiate between the metal ions in normal screening of 
addition of various metal ions despite the differences in the intensity at low 
concentrations. In addition, for L3, red-shift with a slight increase in intensity 
due to ICT was also observed for Mn
2+







 at the same wavelength. We can thus 
conclude that L1-6 exhibit poor chemoselectivities possibly due to the [N,N,N] 
core which coordinates readily to many different metals. Most of the reported 
chemosensors contain a mixture of several different types of donor atoms such 
56 
 
as N and O atoms with varying hard and soft donor properties,
187
 resulting in 
selective binding towards certain metal ions. With this in mind, we embarked 
on the synthesis of [N,O,N] ligands, which we hoped would result in better 
chemosensing properties. 
 
2.2. [N,O,N] Hybrid Molecules 
2.2.1. Synthesis of [N,O,N] hybrid molecules 
Scheme 2.2. Synthetic Scheme of L7-L11. 
  
Compounds L7-L11 are tridentate ligands that could coordinate to 
metals via the quinolyl N, ether O and triazolyl N3 atoms to trigger a 
fluorescent response.  They were prepared from the synthetic route as depicted 
in Scheme 2.2. 8-HQ was first alkylated with propargyl bromide to give 8-
propargyloxyquinoline in a good yield based on a reported procedure.
188
 A 
one-pot CuAAC method was used with the respective alkyl halide to obtain 
ligands L7-L11 in moderate to low yields of 28-70%. Ligand L7 possesses a 
2-picolyl substituent on the triazole that could potentially act as an additional 
site for the coordination of metal ions. L8-11 were designed to study the 
photoluminescence effect with the increase in the number of aromatic rings 
57 
 
from phenyl to pyrene. Anthracene and pyrene were also common moieties 
used in chemosensors and it would be of interest to examine their underlying 
effect towards the 8-quinolinotriazole backbone. Except for L8 which was 
recently reported by Abid et al. to evaluate for its antimicrobial activities,
189
 
L7, L9-11 are new ligands which remain to be explored for their potential 
chemosensing properties. 




C NMR spectra as 
well as ESI-MS and elemental analysis. The CH2 methylene proton between 
the triazolyl moiety and the R group ranges from δ 5.64 to 6.69 ppm. The 
increase in the number of aromatic rings resulted in a general increase in the 
chemical shift. L7 and L8 with pyridyl and phenyl moieties showed a broad 
band around 305 nm in the UV-visible spectra in CHCl3 which corresponds to 
the π  π* transition similar to that of 8-methoxyquinoline.190 For L9-11, the 
UV-visible spectra correspond to mainly the absorption of the aromatic rings – 





Figure 2.6. UV-visible spectra of L7-L11 in CHCl3. 


























2.2.2. Screening of [N,O,N] hybrid molecules for chemosensing properties 
 
 The fluorometric behaviour of L7-L11 was explored upon addition of 

























. The emission spectra showed maxima at around 
380 nm upon excitation at 300 nm. The area response graph upon addition of 





, exhibited no change relative to the emission spectra. 
While all transition metal ions generally caused quenching to some extent, red 











, there was a one-fold increase in intensity with a red 
shift to 418 and 407 nm respectively, as typical of an ICT-based optical 
response (Figure 2.8 for L7). This could also be due to the chelation-enhanced 





was at least 5 nm, which allows straightforward distinction 
between the two metal ions.  
In order to monitor the process of the red-shifting, fluorescence 
titration of Zn(ClO4)2 with L7 was carried out, and the resulting fluorescence 
spectrum is shown in Figure 2.9. Addition of 0.1 equivalent of [Zn
2+
] led to a 
red-shift from 380 to 417 nm with a concomitant increase in fluorescence 
intensity. As the amount of Zn
2+
 was increased beyond 1 equivalent, the 





 showing the turning point at around 0.33 (with Figure 2.10 
showing that with the addition of Cd
2+ 





 in a 1:2 stoichiometric ratio. The rest of the fluorescence 
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spectra and job plots can be found as supplementary information in Chapter 
5.3.  
  




























equiv.), λex = 300 nm. Bars represented the final integrated fluorescence 
response (F) after addition of metal ion over the initial integrated emission (F0). 
  



























(10 equiv.), λex = 300 nm. 










































































Figure 2.9. Fluorescent spectra of L7 in CHCl3 (3.3 μM) upon addition of the 
Zn
2+
 (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 5, 10 equiv.), λex = 300 





Figure 2.10. Job Plot of L7 in CHCl3 for the determination of stoichiometric 
ratio between L7 and Cd
2+
. Fluorescence intensity at 418 nm was plotted 




]+[L7]) varying from 0.1 to 1.0. 
 
For L10 and L11, there was no selectivity towards any metal ions. The 
emission of the anthracene and pyrene moieties overwhelms that of the 8-
quinolinotriazole core with overlapping of the initial emission peak at 380 nm 













































































































observed from L7-9, leading to mainly quenching or no change in the 





still led to slight increase in fluorescence intensity due to a PET response, 






 was observed. Hence 
it is of interest to note the effect of having 2 major chromophores in the 
potential chemosensor with each having its own distinct emission properties 
and also the effect of the increase in aromaticity of the R group. When the 
emission of one of the chromophore group overwhelms the other, this will 
affect the response of the chemosensor, as seen from the anthracene and 
pyrene moieties having much dominant emission than the quinolinoltriazolyl 
[N,O,N] core, thereby showing the conversion of the process from ICT-based 
to PET-based with no spectra shift observed. The design of the chemosensor is 
thus important to establish its sensitivity, response and which sensing process 
involved to various metal ions. Comparing to the other anthracene and pyrene-
containing sensors reported, most of them only contain the polyaromatic 
hydrocarbons as the sole chromophore, which makes use of the distinct 
emission bands for the sensing of metal cations.
192
 Chellappa recently reported 
a 5-((anthracen-9-ylmethylene)amino)quinolin-10-ol (ANQ) probe for 
detection of Pb(II) and Al(III) in live cell imaging which is a fully conjugated 
molecule using a Schiff base linkage.
193
 This could suggest a structural 
modification of L10 and L11 to connect the two chromophores chemically in 
order to achieve synergistic effects during the sensing process, or exploration 
of other detection mechanisms such as aggregation induced emission as 





   
 
Figure 2.11. Fluorescent spectra of (a) L10 and (b) L11 in CHCl3 upon 
addition of the ClO4
-















































































































































Figure 2.12. (a) Molecular structure of 
[Zn(L7)(CH3OH)(H2O)2][ClO4]2.1.5(CH3OH).x(H2O); (b) Crystal structure of 
[Zn(L7)(CH3OH)(H2O)2][ClO4]2.1.5(CH3OH).x(H2O), with the perchlorate 
anions and surrounding CH3OH and water molecules omitted. Zn1–N1 
2.075(3) Å, Zn1–N2 2.077(3), Zn1–O1 2.301(2), Zn1–O2  2.121(3), Zn1–O3  
1.995(3), Zn1–O4 2.100(3); O3–Zn1–N1  106.26(12)°, N1–Zn1–N2 
145.27(12), O4–Zn1–O2  175.76(11), N1–Zn1–O4  93.55(11), N1–Zn1–O1 










 X-ray quality single crystal of the complex of Zn
2+
 with L7 was grown 
from the diffusion of diethyl ether into a methanolic solution of L7 and 
Zn(ClO4)2, which are present in ligand:metal ratio of 1.2:1. The complex was 
formulated as [Zn(L7)(CH3OH)(H2O)2][ClO4]2.1.5(CH3OH).x(H2O), with 
disordered H2O solvate molecules. The geometry around the Zn atom is 
distorted octahedral with mer-coordination of L7, two cis-water hydrates and a 
methanol molecule trans- to a hydrate. Each di-cation is balanced by two non-
coordinating perchlorates, and each pendant pyridyl group is engaged in 
intermolecular hydrogen bonding with a neighbouring coordinated hydrate 
with an NH distance of 1.904 Å and OHN 172°, giving a pseudo-cyclic 
macrocycle sandwiched by the metal moieties. The heavy hydration and 
MeOH solvation of Zn
2+
 in the structure paves the way for additional entry of 
a second L7 ligand, thus supporting the previous conclusion that Zn
2+
 moves 
from a 1:1 to 1:2 coordination. Efforts to prepare and crystallize the 1:2 




H NMR titration studies 
 
1
H NMR titrations of Zn(ClO4)2 and Cd(ClO4)2 with L8 in 
CDCl3/CD3CN (6:1, V/V) were conducted to examine the stoichiometry of 
metal-ligand pairing. L8 was chosen as the red-shifting is slower during the 
fluorescence titration than L7 so as to observe the NMR shifts while its proton 
NMR is relatively less complicated than L9 with one less aromatic ring. The 
results are shown in Figure 2.13. Upon introduction of the metal ions, the 
aromatic protons of 8-HQ and the triazolyl proton were shifted to downfield 
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which shows the complexation process through [N,O,N] coordination of the 
HQ and triazolyl-moiety. The singlet triazolyl proton Hc shifted from δ 7.63 to 
7.98 ppm, while the rest of the HQ protons shifted by around δ 0.2 ppm. An 
exception is the ortho-HQ proton Ha at δ 8.79 ppm which is adjacent to the N 
atom of the quinoline. There was no shift observed upon addition of 
Cd(ClO4)2, whereas a downfield shift to δ 8.51 ppm occurred upon addition of 
Zn(ClO4)2. No significant shifts were observed from the aromatic protons of 
the phenyl ring, indicating their lack of involvement in the complexation. The 
methylene protons, Hb, which are adjacent to the oxygen atom of the quinoline 
group, were shifted slightly upfield by ~0.2 ppm, while the Hd protons 
adjacent to the triazolyl group remained relatively unchanged. The relative 
proton shifts from the addition of Zn
2+
 are generally greater than that of Cd
2+
, 
which could suggest greater metal to ligand π back-bonding due to “harder” 
metal ion Zn
2+
 as compared to Cd
2+
, despite the similar binding constants and 
lower detection limit of Cd
2+ 
as determined from the next section 2.2.2.3. 
Broadening of the peaks was also observed for Zn
2+
 upon addition of more 
than 0.5 equivalents of [Zn(ClO4)2], indicating that coordination of the ligand 
has occurred. This was not observed for Cd
2+
, which could be due to the softer 












H NMR spectra of L8 in CDCl3/CD3CN (6:1, V/V) upon 
addition of M(ClO4)2. (a) 0 equiv.; (b) 0.5 equiv. of Zn(ClO4)2.; (c) 0.5 equiv. 
of  Cd(ClO4)2. 
 
2.2.2.3. Determination of binding constant and detection limit and 
sensitivity test 
 
In order to evaluate the effectiveness of the prepared chemosensor 
ligands, determination of the detection limit and binding constant as well as 
the sensitivity test was carried out. The Tsein’s equation 196  was used to 


























where α is the response parameter, I, I1 and I0 are the emission values, K is the 
complex equilibrium constant, [L] and [M
n+
] is the concentration of the ligand 
and metal ion, respectively.  




 fluoroionophore was 


















 and [L]T = (I1-
I0), 




The graph of log[𝑀2+]2 against log
(𝐼1−𝐼)
(𝐼−𝐼0)
 was plotted to determine log K. 
 
Figure 2.14. Plot of log[Zn2+]2 against log
(𝐼1−𝐼)
(𝐼−𝐼0)
 for L9 with Zn
2+
, log K = 
12.0.   
 






, against log[metal ion], and taking the x-
axis intercept. 
y = -0.8145x - 12.273 























Figure 2.15. Fluorescence intensity of L8 in CHCl3 at each concentration of 
Cd
2+
 added, normalized between the minimum and maximum emission 
intensity. The detection limit was found to be 2.6 x 10
-7 
M, or 29 ppm.   
 
Table 2.2. Summary of binding constant and detection limit of L7-L9. 














Binding constant  
log K 
12.4 12.4 12.0 12.0 12.0 12.0 
Detection limit /ppb 1.58 1.27 22.4 29.2 16.6 10.7 
 
The summary of the binding constants and detections limit are shown 
in Table 2.2. The difference in the three R groups on the triazolyl did not 
affect the binding constant (log K = 12), indicating consistency in the [N,O,N] 
chelation. L7, which possesses an additional pyridyl donor atom, showed the 





, which are comparable or even lower than previously 
reported 8-quinolinotriazole systems,
14
 while L8 and L9 had detection limits 
of >10 ppb. This could be attributed to the presence of the pyridine moiety that 
can serve as an alternative binding side towards the metal centre in solution. 
y = 0.8678x + 5.7147 


























Coordination could occur through the N3 atom of triazolyl and the pyridyl N 
atom to form a five-membered chelate as shown in Figure 2.16. The lower 
detection limit for Cd
2+
 compared to Zn
2+ 
demonstrates the preference of the 
system for softer and larger metal ions for the cavity site.  
 
Figure 2.16. Mode of coordination of L7 to Zn
2+
 (a) with and (b) without 
involvement of pyridyl nitrogen. 
 
The sensitivity of L7-L9 was also investigated. Ten equivalents of the 





as shown in Figure 2.17 for L9. The competitive metal ion binding 
studies show that there is low interference from other metals except for Cu
2+
 
which quenches the emission almost completely. Nevertheless, the ease of 
synthesis of these [N,O,N] hybrid 8-quinolinotriazolyl complexes, coupled 




as compared to previously 
reported systems, demonstrates the successful design of a new class of hybrid 
ligands with chemosensing properties. The supporting pendant group on the 
triazole moiety, which assists in the trapping of the metal ion and coordination 




Figure 2.17. Metal ion selectivity profile of L9 (3.3 μM): Pink and red bars, 

























; blue bars: 






























. Bars represented the final integrated fluorescence response 
(F) over the initial integrated emission of L9 (F0).  
 
 












 L9 + Zn



















Assisted by modular CuAAC click reactions, two types of novel hybrid 
quinolyl-triazolyl molecules containing [N,O,N] and [N,N,N] coordination 
sites have been designed and synthesized in this chapter. L1-11 are 
characterized by NMR and ESI, and are also screened for their potential 





. However, only L7-9 of the [N,O,N] system can distinguish 
between the two metal ion peaks, with L7 showing a very low detection limit 
with <2 ppb. L4, L10 and L11 with large aromatic groups of anthracene or 
pyrene only showed PET-based response instead of ICT-based of response due 
to the overwhelming fluorescence emission from the aromatic groups, hence 
does not exhibit chemoselectivity. The crystal structure of 
[Zn(L7)(CH3OH)(H2O)2][ClO4]2.1.5(CH3OH).x(H2O) was elucidated, which 
suggested step-wise coordination of the ligands to the metal ion. Therefore, 
this chapter describes the application of the hybrid molecules as organic 
moieties, which also demonstrates the use of simple molecules for such 
chemosensing properties. The ease of preparation of the ligands combined 
with much lower detection limits of <2 ppb compared to usual 20 ppb 
detection limit for the 8-HQ systems would draw demand to such simple 
systems.
46-53
 L7 could be further applied onto surfaces such as paper strips, 
silica plates or into ensembles
198
 to serve as sensing materials, hence 
expanding their potential application scope. As for L1-3 and L5-6, further 
auxiliary agents could be added like in the case of I-17 in Chapter 1 to allow 
the molecules to achieve its potential chemosensing properties,
35
 while for 
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L10-11, modifications to the structures could be necessary. These molecules, 
L1-11, will be used as functional ligands for complexation to metal centres in 
the next chapter, whereby their potential catalytic and photoluminescent 




Chapter 3: Coordination Chemistry of [N,N,N] and 
[N,O,N] Hybrid Ligands 
  Recent years have seen an influx of reports in the application of hybrid 
ligands for transition metal-based homogenous catalyst.
91-149
 Hybrid ligands 
are often designed to tune the steric, electronic and stereochemical properties 
of their molecular complexes by varying the different substituents and donor 
groups and thus influencing the hemilability and trans-influence to the metal 
centre.
2
 The potential to harness the versatility of such hybrid molecules have 
led to many functional applications in catalytic systems. In particular, 1,2,3-
triazoles are commonly used as monodentate or bridging ligands through the 
N2 and N3 atoms of the triazolyl moiety, giving a wide range of multidentate 
metal complexes.
199
 Quinolines are often used as bidentate ligands via 
coordination of the quinolyl N atom and the 8-substituted N or O atoms. A 
well-known example is tris-(8-hydroxyquinoline) aluminium, AlQ3, which is 
commonly used in OLED applications.
200
 However, the applications of 
tridentate quinoline derivatives have rarely been reported. It is hence of 
interest to combine both the quinoline and 1,2,3-triazole moiety and examine 
their properties as hybrid ligands of molecular complexes and the synergistic 
effects brought upon by these two moieties. With the use of tridentate 
quinoline derivatives as chemosensors as mentioned in Chapter 1,
74-87
 these 
derivatives would bring potential functional applications as metal complexes 
with readily synthesized tridentate chelating ligands, giving dual advantage as 
hybrid molecules. While the preparation and fluorogenic screening of the 
hybrid ligands L1-11 has been reported in Chapter 2, this chapter discusses the 
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coordination chemistry and potential catalytic applications of these ligands 
with Pd(II), Co(II), Zn(II) and Cu(II).  
 
3.1. Pd(II) complexes of [N,N,N] hybrid ligands 
 
Scheme 3.1. Synthetic route of complexes 1-6. 
  
Ligands L1-6 were stirred with PdCl2(MeCN)2 in the presence of 
triethylamine in MeCN and at room temperature for 24 h, after which the 
desired complexes precipitated out of solution and were filtered off. After 
washing with MeCN and diethyl ether, complexes 1-6 were obtained as air-
stable red solids in good yields of 70 to 92%. The complexes were 
characterized by 
1
H NMR analysis in DMSO-d6 and FT-IR. The 
1
H NMR 
spectrum showed the absence of the triplet NH peak at δ 6.9 ppm and an 
upfield shift of δ 0.2 ppm for all protons, while FT-IR spectrum showed the 
disappearance of the N-H stretch at ~3400 cm
-1
, indicating deprotonation of 
amino N atom and the coordination of the [N,N,N] ligands to the Pd(II) centre.    
75 
 
3.1.1. X-ray crystal structures of complexes 1’ and 3’ 
 
Figure 3.1. Molecular structure of 1’. Pd(1)‒N(1) 2.012(2) Å, Pd(1)‒N(2) 
1.975(2), Pd(1)‒N(3) 2.000(2), Pd(1)‒Cl(1) 2.3046(7); N(2)‒Pd(1)‒N(3) 
81.35(10)°, N(2)‒Pd(1)‒N(1) 82.34(10), N(3)‒Pd(1)‒N(1) 163.56(9), N(2)‒
Pd(1)‒Cl(1) 176.80(7), N(3)‒Pd(1)‒Cl(1) 99.08(7), N(1)‒Pd(1)‒Cl(1) 
97.32(7).  
   
Figure 3.2. Molecular structure of 3’. Pd(1)‒N(1) 2.002(4) Å, Pd(1)‒N(2) 
1.970(4), Pd(1)‒N(3) 1.994(4), Pd(1)‒Cl(1) 2.3161(13); N(2)‒Pd(1)‒N(3) 
81.12(16) °, N(2)‒Pd(1)‒N(1) 82.18(17), N(3)‒Pd(1)‒N(1) 163.25(17), N(2)‒
Pd(1)‒Cl(1) 179.19(13), N(3)‒Pd(1)‒Cl(1) 98.17(11), N(1)‒Pd(1)‒Cl(1) 
98.53(13). 
 
Single crystals of 1 and 3 were grown from CH2Cl2/hexane and their 
solid state structures were determined by single crystal X-ray diffraction.  
Closer examination of the solid state structures revealed that unexpected 
oxidation of the methylene CH2 group of the ligand to a carbonyl C=O group 
had occurred, as shown in Figures 3.1 and 3.2. The complexes have hence 
been relabelled as 1’-6’ for the recrystallized products of 1-6 which have 
likely undergone oxidation during recrystallization. The distance of the C=O 
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bond is 1.212(3) Å in 1’ and 1.240(3) Å in 3’, which is similar to the carbonyl 
bond of the reported Pd(II) 8-quinolylamide complexes.
201
 This was further 
supported by powder X-ray diffraction spectrum in Figure 3.3 which showed 
that the diffraction pattern of 1 does not match well with that of the 
theoretically computed data of 1’ with only two matching peaks at 2θ = 8 ° 
and 26 °, indicating a different powder mixture. From the FT-IR spectrum of 
3’, a new band at 1625 cm-1 was observed as seen in Figure 3.4 which was 
assigned to the C=O stretch. This band was not observed previously in the 
ligand L3 and Complex 3. In addition, the 
13
C NMR spectrum of 1’, obtained 
from post-crystallization of 1, in DMSO-d6 also showed a peak at δ 161.2 ppm 
(Figure 3.5), corresponding to the carbonyl group.  
 
Figure 3.3. Powder XRD pattern of 1’ with simulated patterns referring to the 
theoretical profile referenced to the experimentally determined structure by 


























   





C NMR of 1’ in DMSO-d6. 
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Scheme 3.2. Proposed pathway for the formation of carbonyl function in 1-6 





H NMR spectra of 1 in CD2Cl2, with (a) after 2 h and (b) after 3 
days. 
 
A proposed mechanism for the oxidation of the methylene proton in 1 
and 3 is shown in Scheme 3.2. In the first step, Pd(II) coordinates with the 
methylene CH2 protons to form a 4-membered palladacycle.
202
 Nucleophilic 
attack by H2O or O2 occurs before oxidation to form the amide. According to 
the proposed mechanism, an acidic proton will be released. NMR experiments 





while the mixture in DMSO-d6 generally remained stable and no change in 
1
H 
NMR was observed over time due to its lower acidity. From the 
1
H NMR 
studies of 1 in CD2Cl2, the CH2 peak at δ 4.42 ppm generally decreased in 
intensity over time as seen in Figure 3.6. The peak at δ 6.45 and 6.80 ppm 
corresponding to the quinoline moiety also decreases overtime which signals 
the change in coordination of the quinoline moiety to Pd(II) metal centre, 
while the formation of a new peak at δ 10.02 ppm suggested the formation of 
an acidic species which could be due to the hydrolysis of amide bond to form 
an acid or the release of acidic proton during the oxidation process.  
 
A tridentate [N,N,N] coordination mode for both 1’ and 3’ were 
observed, where N atoms of the quinoline, amine and triazole coordinated to 
the Pd(II) centre in a distorted square planar geometry (Figures 3.1 and 3.2). 
All atoms of Pd(1), N(1), N(2), N(3) and Cl(1) are co-planar. The N(3)‒Pd(1)‒
N(1) and N(2)‒Pd(1)‒Cl(1) angles are 163.56(9) ° and 176.80(7) ° 
respectively, which are smaller than the ideal 180° for a regular square planar 
structure. Pd‒N bond lengths of 1’ and 3’ are in the range of 1.970(4) to 
2.012(2) Å, which is similar to other reported tridentate Pd(II) [N,N,N] 
complexes.
203
 Among the three Pd‒N bonds, the bond to the amine nitrogen 
atom was the shortest, indicating the strong coordination of the amino group at 
the junction of the two five-membered chelating rings. The rigid structure of 
8-AQ is likely to be the main reason for this short bond, similar to the case of 
the Pd(II) L-alanine-N-8-quinolylamide complex reported by Yan and co-
workers, as the amino nitrogen atom was pushed closer towards the Pd 
centre.
204
 Pd‒Cl bond lengths of 1’ and 3’ are 2.3046(7) and 2.3161(13) Å 
80 
 
respectively, in good agreement with previously reported Pd(II) complexes.
205
 
In 3’, π-π stacking interaction between the naphthalene groups with a distance 
of 3.640 Å as well as a T-shaped interaction between the H atom of the 
quinoline moiety with the π rings of the naphthalene moiety with a distance of 
2.493 Å are observed in Figure 3.7.  
 
Figure 3.7. Intermolecular interactions in the packing structure of 3’. 
 
3.1.2. Screening of Pd(II) catalyst towards Suzuki coupling reaction 
Coupling reactions catalyzed by palladium complexes are well-known 
and proven to be one of the most useful methods in organic synthesis to form 
C-C and C-X bonds.
206,207
 With the prepared Pd(II) [N,N,N] complexes 1-6, it 
is of interest to examine them in one of the most common and versatile types 
of coupling reaction, Suzuki coupling. 
 
3.1.2.1. Mechanism of Suzuki coupling   
Suzuki coupling is widely used in the carbon-carbon bond formation 
catalyzed by transition metals whereby various functional groups are 
tolerated.
208
 The mechanism for palladium-catalyzed Suzuki-coupling have 
been well studied and is known to proceed via a three-step mechanism 
involving oxidative addition of the aryl halide to the active Pd(0) metal centre, 
81 
 
transmetallation from the boronic acid or ester to form an Ar-Pd-R species 
before reductive elimination (carbon-carbon bond formation step) to give the 
final product as shown in Scheme 3.3. The rate of the oxidative addition step 
may be increased by using electron-rich ligands as they destabilize the Pd(0) 





while electron-deficient ligands enhance the reductive 
elimination step by destabilizing the higher Pd(II) state.
 211,212
 This highlights 
the importance of the choice of the ligand used in the reaction. 
 




3.1.2.2. Catalytic screening of complexes 1-6 
The activities of the prepared Pd(II) complexes were examined in the 
Suzuki coupling reaction using the cross-coupling of 4-bromoacetophenone 
and phenylboronic acid as the model system for the optimization of reaction 
conditions. The reactions were carried out in air at 50 °C with 1.5 mol% 
loading of Pd(II) complexes. Product yields were determined using GC-FID. 
The optimization results are as shown in Table 3.1. Using complex 1 in 
82 
 
MeCN/H2O (1:1), the base was varied as given in entries 1 to 5. A variety of 
carbonates, phosphates, hydroxides and fluorides were employed, and K3PO4 
gave the highest yield of 88%. Strong bases had a deleterious effect on the 
yields, as KOH and K
t
OBu gave low or no yields. The pKa values of K2CO3, 
KOH, K
t
OBu, KF and K3PO4 are 6.35, 15.7, 19, 3.2 and 12.4 respectively.
213
 
With a very high basicity, this can cause the decomposition of the catalyst 
beyond pKa value of 15, as seen in the case of KOH and K
t
OBu which gave 
low or no yields. No reaction takes place without the addition of the base. 
Next, the solvent was varied (entries 7 to 14). Inclusion of water as co-solvent 
improves the yield for MeCN and THF, which can be attributed to the better 
solubility of the base and boronic acid. However, using water as the solvent 
did not result in good yields, due to the poor solubility of the catalyst. In 
MeOH and toluene, the addition of water decreased the yield, which may due 
to the system being more biphasic. MeOH itself is better at reducing Pd(II) to 
Pd(0), hence facilitating the entry into the catalytic cycle. 
214
 Overall, 
MeCN/H2O (1:1) gave the highest activity followed by MeOH, showing the 
effect of coordinating solvents on the stabilization of the metal centre.  
 
Catalysts 1-6 were then screened to determine the most active catalyst 
(Table 3.1, Entry 5, 15-19). 1, which has a pyridyl pendant side arm, resulted 
in 88% yield, which was higher than that of only a phenyl ring in 2, indicating 
the possible coordination of the pyridyl N atom to the Pd(II) centre during the 
catalytic cycle. The increase of aromaticity from 2 to 4 resulted in an increase 
in yield from 57 to 77%, showing the effect of the increase in steric bulk, 
which stabilizes the metal centre. Complexes 5 and 6 having the dodecane 
83 
 
alkyl chain gave the highest yield of >99 and 97% respectively, which is 
attributed to the best solubility among the complexes. The substrate scope was 
explored using 5, and the results are shown in Table 3.2. Complex 5 is 
generally active towards electron-deficient alkyl halides such as 4-
bromobenzaldehyde and benzonitrile giving >90% yield while it is less active 
towards 4-bromotoluene (47%) and 4-bromoanisole (52%) which possess 
electron-donating groups at the 4-position. Changing from 4-bromoanisole to 
2-bromoanisole resulted in lower yield of 23%, which is expected with the 
increase in steric hindrance during the oxidative addition step. Variation from 
Br to I as the halide for the anisoles resulted in higher yield of 83% (Entry 7) 
due to longer and weaker C-I bond. The catalytic results by 5 are comparable 
to other [N,N,N] tridentate Pd(II) complexes reported with shorter reaction 
time and lower temperature used,
215
 despite that the reactions could not be 
carried out in pure water unlike some other Pd(II) pincer complexes.
216
 
However, 5 is not active for chloro-derivatives, which require higher 
temperature and longer time for C-Cl activation. Given that the complex could 
be unstable in solution for prolonged period of time as shown in the previous 
section, the chloro derivatives were not further explored. Overall, the 
complexes gave promising results in the Suzuki coupling reactions with 







Table 3.1. Optimization of conditions for Suzuki-coupling of 4-




Entry Catalyst Solvent Base GC Yield
a
 /% 
1 1 MeCN/H2O (1:1) K2CO3 85 
2 1 MeCN/H2O (1:1) KOH 8 
3 1 MeCN/H2O (1:1) K
t
OBu - 
4 1 MeCN/H2O (1:1) KF 25 
5 1 MeCN/H2O (1:1) K3PO4 88 
6 1 MeCN/H2O (1:1) - n.d. 
7 1 THF/H2O (1:1) K3PO4 15 
8 1 MeOH/H2O (1:1) K3PO4 29 
9 1 Toluene/H2O (1:1) K3PO4 11 
10 1 H2O K3PO4 2 
11 1 MeCN K3PO4 24 
12 1 THF K3PO4 2 
13 1 MeOH K3PO4 66 
14 1 Toluene K3PO4 25 
15 2 MeCN/H2O (1:1) K3PO4 57 
16 3 MeCN/H2O (1:1) K3PO4 66 
17 4 MeCN/H2O (1:1) K3PO4 77 
18 5 MeCN/H2O (1:1) K3PO4 >99 
19 6 MeCN/H2O (1:1) K3PO4 97 
a







































3.2. Co(II) complexes of [N,O,N] hybrid ligands 
 
Scheme 3.4. Preparation of Co(II) [N,O,N] complexes 7-11. 
 As the [N,O,N] hybrid ligands L7-11 showed good chemosensing 
properties in Chapter 2, their ability to act as ligands to first row transition 
metals Co(II), Zn(II) and Cu(II) was next explored. It would be worthwhile to 
explore the structural differences in the complexes of these ligands as we 
move from a d
7
 Co(II) to d
9
 Cu(II) to d
10
 Zn(II) metal centre. Pd(II) d
8
 




The Co(II) complexes have been prepared from the reaction between 
CoCl2.6H2O and L7-11 in a mixed solvent of CHCl3 and EtOH to give blue 
precipitates of complexes 7-11 in moderate to high yields of 54 to 92%. The 
complexes are air-stable and are characterized by FT-IR and elemental 
analysis. The ESI-MS analysis in DMF/MeOH, however, only showed the 
molecular peaks of the ligands, except for 9 which showed a [Co(L9)2Cl]
+
 
peak at m/z 825 with very low intensity of 5%. The complexes are poorly 
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soluble in most solvents except DMSO and DMF, especially for 10 and 11 
with the anthracene and pyrene moiety. 
3.2.1. X-ray crystal structures of complexes 7 and 8 
 
Figure 3.8. Molecular structure of 7. Co(1)‒N(1) 2.0549(15) Å, Co(1)‒N(2) 
2.0472(15), Co(1)‒Cl(1) 2.2701(5), Co(1)‒Cl(2) 2.2811(6) Co(1)‒O(1) 
2.3788(13); N(2)‒Co(1)‒N(1) 116.82(6)°, N(2)‒Co(1)‒Cl(1) 103.59(4), N(1)‒
Co(1)‒Cl(1) 102.43(5), N(2)‒Co(1)‒Cl(2) 109.40(5), N(1)‒Co(1)‒Cl(2) 
117.38(4), Cl(1)‒Co(1)‒Cl(2) 105.26(2), N(2)‒Co(1)‒O(1) 71.54(5), N(1)‒





Figure 3.9. Molecular structure of 8. Co(1)‒N(2) 2.0398(17) Å, Co(1)‒N(1) 
2.0547(17), Co(1)‒Cl(2) 2.2719(6), Co(1)‒Cl(1) 2.2830(6), Co(1)‒O(1) 
2.3897(14); N(2)‒Co(1)‒N(1) 117.96(7)°, N(2)‒Co(1)‒Cl(2) 103.20(5), N(1)‒
Co(1)‒Cl(2) 102.83(5), N(2)‒Co(1)‒Cl(1) 109.92(5), N(1)‒Co(1)‒Cl(1) 
115.15(5), Cl(2)‒Co(1)‒Cl(1) 106.01(2), N(2)‒Co(1)‒O(1) 71.33(6), N(1)‒






Figure 3.10. Crystal packing in 7 along b axis with hydrogen atoms omitted. 
 
 
Figure 3.11. Crystal packing in 8 along b axis with hydrogen atoms omitted. 
 
Single crystal X-ray structures of 7 and 8 were obtained from diffusion 
of diethyl ether into DMF solution of 7 and 8 (Figure 3.8 and 3.9). Both 
complexes are isostructural and mononuclear with the expected [N,O,N] 
coordination via N1 of quinolyl, O1 of ether and N2 of the triazolyl moiety, 
giving two 5-membered ring chelation. Complexes of 7 and 8 crystallized in a 
monoclinic crystal system with a P21/c space group, with similar packing 
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structures due to the same size of the phenyl and pyridine rings (Figure 3.10 
and 3.11). Distorted trigonal bipyramidal geometry was observed for both 7 
and 8 with a trigonality index, τ,217 of 0.89 and 0.85 respectively, where the 
Co1, Cl2 (Cl1 for 8), N1 and N2 atoms lie on the equatorial plane with Cl2 
(Cl1 for 8) and O1 perched at apical positions for 7. The equatorial angles of 
N/Cl‒Co‒N/Cl range from 102.43(5) to 117.96(7) ° while the axial angles of 7 
and 8 are 170.05(14) and 169.10(4) ° respectively. The bond lengths of the 
five bonds to Co between 7 and 8 are relatively similar due to similar sizes of 
the R group of pyridyl and phenyl with the same [N,O,N] coordination to 
Co(II) metal centre. The Co‒Cl bond lengths of 2.2701(5) to 2.2830(6) Å are 
similar to other reported Co(II) tridentate complexes.
218
 The Co‒N bond 
lengths of 2.0398(17) to 2.0549(15) Å are shorter or comparable to other 
[N,N,N] tridentate complexes such as 2-(1H-2-benzimidazolyl)-6-(1-
(arylimino)ethyl)pyridines
219
 with lengths of 2.065(2) to 2.276(3) Å, N-(1-(6-
(quinoxalin-2-yl)pyridine-2-yl)ethylidene)benzenamines
220
 with lengths of 
2.021(2) to 2.287(3) Å and {(2-fluoro-6-methylphenyl)[1-[6-(1-(o-
tolylimino)ethyl)pyridin-2-yl]ethylidene]amine}
221
 with lengths of 2.031(3) to 
2.232(3) Å. This can be attributed to the exceptional long Co‒O bond length 
of 2.3788(13) and 2.3897(14) due to the weak coordination of the ether O 
atom to Co metal centre. Other Co‒O bond lengths often fall in the range of 








3.2.2. Catalytic activity towards epoxidation of olefins 
3.2.2.1. Mechanistic considerations 
 In various catalytic systems, five-coordinate Co(II) tridentate 
complexes are often used in ethylene reactions involving oligomerization and 
polymerisation which has often produced unique selectivity to give highly 
linear and vinyl products.
223
 However, the oxidation reactions using such 
complexes have rarely been explored. Co(II) complexes are known to be 
highly reactive towards dioxygen whereby they interact reversibly under 
ambient temperature to form different types of dioxygen complexes.
224
  Co(II) 
metal salts as well as their coordination complexes have thus been well-
applied in epoxidation using molecular oxygen.
225
 More recent work has also 
incorporated Co(II) complexes into coordination polymers, metal organic 
frameworks as well as different supports which have shown to exhibit 
excellent catalytic activity,
226
 demonstrating the potential of using Co(II) as 
epoxidation catalysts. 
 
   The epoxidation of alkenes with molecular oxygen or air have been 
well studied and among them, the Mukaiyama epoxidation system is widely 
used as it often only requires mild reaction conditions with involvement of 
sacrificial aldehyde as reductant and generating carboxylic acid as side 
product.
227
 The mechanism is as shown in Scheme 3.5. In this system, the 
process of epoxidation can follow different pathway depending on catalyst and 
reaction conditions. For pathway A, it resembles the non-metal catalyzed 
pathway suggested by Kaneda et al..
228
 The acyl radical (I) could be generated 
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during auto-oxidation of the aldehyde before reacting with oxygen to give 
acylperoxy radical (II), which will react with an olefin to generate the epoxide 
product to give a carboxyl radical (III). The cycle is completed with the 
carboxyl radical (III) reacting with another aldehyde to generate another acyl 
radical (I) and carboxylic acid. In pathway B as suggested by Nam and co-
workers,
229
 the formation of acyl radical (I) from aldehyde was catalyzed by a  
Co(II) complex, generating a reduced Co(I) species, followed by reaction with 
oxygen to give acylperoxy radical (II). At this stage, the acylperoxy radical (II) 
can either react with another aldehyde to give back acyl radical (I) or with an 
acid to generate back the Co(II) catalyst, both generating peroxyacid (IV). The 
peroxyacid (IV) then coordinate to Co(II) to give Co(II) coordinated complex 
(V), before forming a Co(IV) oxo complex (VI) which will then react with an 
olefin to generate the epoxide product as well as the original Co(II) catalyst, 
undergoing a redox reaction. 
 
Scheme 3.5. A plausible mechanism of olefin epoxidation catalyzed by Co(II) 





3.2.2.2. Screening of complexes 7-11 in olefin epoxidation 
The activities of the prepared Co(II) complexes 7-11 are then applied 
to olefin epoxidation, using cis-cyclooctene as the model system for the 
optimization of reaction conditions. The reactions were carried out in O2 at 
room temperature with 5 mol% loading of Co(II) complexes and the product 
yields were determined using GC-FID. Isobutyraldehyde (IBA) was used as 
the sacrificial aldehyde. The ratio of catalyst:substrate:internal standard:IBA 
used was 1:20:10:40, using biphenyl as the internal standard. The optimization 
results are as shown in Table 3.3. Using 7, the solvent was varied as shown in 
entries 1 to 6. A total of 3 chlorinated and 3 non-chlorinated solvents were 
screened. There was no reaction in MeCN and DMF, which could be due to 
poor solubility of the complex in MeCN and the possibility that DMF could 
react with radical intermediates formed, hence halting the catalytic cycle. 
Toluene, being non-polar, gave a low conversion of 28%. Comparing CH2Cl2, 
CHCl3 and DCE, CHCl3 being the most polar gave the highest yield of 57% 
with 82% selectivity, forming aldehydes as by-products as determined by GC-
MS. Next, 8-11 and CoCl2.6H2O were used as seen in entries 7 to 11. 
Complex 11, being totally insoluble in CHCl3, did not give any reaction. 
Complexes 7-9 showed better activity and selectivity over CoCl2.6H2O, while 
10 has poorer activity due to poor solubility, showing the advantage of using 
complexes over metal precursors. Doubling the amount of IBA used also did 
not improve the yields (entry 12). Control experiments were also carried out as 
shown in entries 13 and 14. No reaction occurred without IBA, while poor 








Entry Catalyst Solvent Conversion/% Yield/% Selectivity/% 
1 7 CH2Cl2 45 35 85 
2 7 CHCl
3
 69 57 82 
3 7 Toluene 28 17 66 
4 7 DCE 63 47 75 
5 7 MeCN n.d. n.d. n.d. 
6 7 DMF n.d. n.d. n.d. 
7 8 CHCl
3
 68 55 81 
8 9 CHCl
3
 73 59 81 
9 10 CHCl
3
 48 33 69 
10 11 CHCl
3
 n.d. n.d. n.d. 
11 CoCl2.6H2O CHCl
3
 53 41 77 
12b 7 CHCl
3
 67 55 82 
13c 7 CHCl
3
 n.d. n.d. n.d. 
14 - CHCl
3
 15 10 67 
a
 n.d. = not detected. 
b 
double amount of IBA added. 
c




Complexes 7-10 and CoCl2.6H2O were then applied to other olefins as 
shown in Table 3.4, with the conversions and yields given. The Co(II) 
catalysts showed better activities in terms of higher conversion for norbornene 
and styrene than cis-cyclooctene due to the olefin being more accessible. 
However, the selectivity for styrene is lower (18 to 53%) as compared to 
norbornene with 72 to 84% due to formation of more side products such as 
benzaldehyde, benzoic acid and 2-phenylacetaldehyde which were detected by 
GC-MS. Poor activity was seen for 1-dodecene as expected for terminal 
olefins, while no activity occurred for trans-stilbene and indene which are 
much more sterically rigid. The complexes generally gave better activity and 
selectivity over the metal salt, which showed their stabilizing effect in the 
catalytic cycle. However, as compared to other reported Co(II) complexes, the 
activities are lower and the time taken was much longer; i.e. 4 h as compared 
to 48 h. This can be due to the trigonal bipyramidal geometry of the 5-
coordinated Co(II) complexes 7-10 which have less vacant sites for 
coordination of the substrates as compared to reported Co(II) complexes 
which are often square planar or square pyramidal for Co(II) salen and 
porphyrin complexes.
230
 With the formation of the oxo Co(IV) species and the 
peroxy-coordinated Co(II) complex in the catalytic cycle as discussed in 
section 3.3.2.1, the geometrical transformation is more sterically hindered, 






Table 3.4. Olefin epoxidation catalyzed by Co(II) with IBA/O2. 
Entry Substrate GC Conversion(Yield)
a
 /% 
7 8 9 10 CoCl2.6H2O 
1 
 
69(57) 68(55) 73(59) 48(33) 53(41) 
2 
 
81(58) 80(54) 82(68) 77(65) 84(62) 
3 
 
81(41) 99(35) 83(44) 71(36) 85(15) 
4 
 
34(12) 16(8) 26(11) 13(9) 32(10) 
5 
 
n.d. n.d. n.d. n.d. n.d. 
6 
 
n.d. n.d. n.d. n.d. n.d. 
a
 n.d. = not detected  
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3.3. Zn(II) complexes of [N,O,N] hybrid ligands 
 
Scheme 3.6. Preparation of Zn(II) [N,O,N] complexes 12-16. 
 The Zn(II) complexes 12-16 were synthesized from the reaction of L7-
11 in chloroform with ZnCl2 in ethanol to give yellowish white precipitates in 
yields of 23 to 84%, with low yields for 12 due to its low solubility in the 





FT-IR and elemental analysis. Similar to the analogous Co(II) complexes, the 
ESI mass spectra only showed the ligand peaks, except for 14 which showed a 
[ZnCl(L9)]
+
 peak at m/z 833 with 35% intensity. From the 
1
H NMR and 
13
C 
NMR analysis in DMSO-d6, only slight differences in chemical shifts were 
observed. The triazolyl proton of 12 as compared to L7 only increased by δ 
0.07 ppm from δ 8.31 to 8.38 ppm, while the 13C NMR spectra showed 
differences of only δ 0.5 ppm, showing the weak and facile coordination of 
Zn(II) towards the ligand in DMSO, a highly coordinating solvent. This could 
be attributed to the weak coordinating ability of the ether linkage which is 




3.3.1. X-ray crystal structure of complexes 12, 13 and 15 
 
Figure 3.12. Molecular structure of 12. Zn(1)‒N(2) 2.060(3) Å, Zn(1)‒N(1) 
2.063(3), Zn(1)‒Cl(2) 2.2565(10), Zn(1)‒Cl(1) 2.2599(10); N(2)‒Zn(1)‒N(1) 
114.79(11) °, N(2)‒Zn(1)‒Cl(2) 110.09(9), N(1)‒Zn(1)‒Cl(2) 115.37(10), 
N(2)‒Zn(1)‒Cl(1) 103.50(10), N(1)‒Zn(1)‒Cl(1) 103.49(9), Cl(2)‒Zn(1)‒Cl(1) 
108.48(4). 
 
Figure 3.13. Molecular structure of 13. Zn(1)‒N(2) 2.051(2) Å, Zn(1)‒N(1) 
2.062(2), Zn(1)‒Cl(2) 2.2608(8), Zn(1)‒Cl(1) 2.2610(8); N(2)‒Zn(1)‒N(1) 
115.87(9) °, N(2)‒Zn(1)‒Cl(2) 110.38(7), N(1)‒Zn(1)‒Cl(2) 113.45(7), N(2)‒
Zn(1)‒Cl(1) 103.34(7), N(1)‒Zn(1)‒Cl(1) 103.66(7), Cl(2)‒Zn(1)‒Cl(1) 
109.22(3). 
 
 Among the five complexes, the crystal structures of 12, 13 and 15 were 
elucidated. The crystals were obtained from the diffusion of diethyl ether into 
DMF solution of the complexes. For 12 and 13, both are mononuclear, 
isostructural and crystallized out in a monoclinic crystal system with P21/c 
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space group. Instead of the expected [N,O,N] coordination, a bidentate [N,N] 
coordination occurred. The Zn(II) centre is completed by a quinolyl-triazolyl 
chelate and two terminal chlorides, giving a 9-membered ring and a distorted 
tetrahedral geometry. The oxygen atom did not coordinate and the distance 
between Zn1 and O1 is 2.5084(25) and 2.5217(22) Å for 12 and 13 
respectively. These distances are shorter than the sum of the van der waals 
radius for Zn (2.39 Å) and O (1.50 Å)
231
 but longer than the sum of covalent 
radius of Zn (1.22 Å) and O (0.68 Å) with tolerance of 0.4 Å used in assigning 
chemical bonds in crystal structures. 
232
 This constitutes as a weak Zn⋯O 
bond instead of a covalent Zn‒O bond, hence explaining the formation of the 
9-membered chelating ring. The Zn‒N and Zn‒Cl bond lengths tallies with 









In the packing structure of 12 (Figure 3.14), a total of six 
intermolecular hydrogen-bonding for each mononuclear moiety were observed. 
Five intermolecular C‒H⋯Cl hydrogen bonds were involved for the 2-
coordinated chloride, where Cl1 is hydrogen-bonded to the triazolyl hydrogen 
H12 (CHCl 130 °, C⋯Cl 3.48 Å, H⋯Cl 2.79 Å) and the hydrogen atom at 
the 4’-position of the pyridyl group H17 (CHCl 131 °, C⋯Cl 3.58 Å, H⋯Cl 
2.82 Å). On the other hand, Cl2 is hydrogen-bonded to 2 different hydrogen 
atoms of the methylene bridge between triazole and pyridine of two other 
mononuclear moieties, H13A and H13B, (CHCl 145 °, C⋯Cl 3.62 Å, H⋯Cl 
2.76 Å; CHCl 165 °, C⋯Cl 3.58 Å, H⋯Cl 2.71 Å) and to the hydrogen atom 
at the 6’-position of the quinoline group, H2 (CHCl 126 °, C⋯Cl 3.57 Å, 
H⋯Cl 2.93 Å). Two N⋯H intermolecular hydrogen bonding were also 
observed between the triazolyl N3, N4 atoms to H10A of the methylene bridge 
between the quinoline and triazole (NHC 155 °, C⋯N 3.43 Å, H⋯N 2.51 Å; 
NHC 160 °, C⋯N 3.66 Å, H⋯N 2.72 Å, each playing vital role in the 
consolidation of the overall packing structure.  
 
On the contrary, in the packing structure of 13 where the pyridyl group 
is replaced with a phenyl group, both five intermolecular C‒H⋯Cl and two 
N⋯H hydrogen bonding were also observed (Figure 3.15). Cl1 was weakly 
bonded to H12 of triazolyl moiety (CHCl 130 °, C⋯Cl 3.52 Å, H⋯Cl 2.83 
Å), while Cl2 was bonded to four different hydrogens: H10 of the methylene 
bridge between quinoline and triazole (CHCl 122 °, C⋯Cl 3.57 Å, H⋯Cl 
2.94 Å), H2 of 3’-position of the quinoline group (CHCl 127 °, C⋯Cl 3.59 
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Å, H⋯Cl 2.94 Å) and both H13A and H13B of two different mononuclear 
moiety of the methylene bridge between quinoline and phenyl group (CHCl 
150 °, C⋯Cl 3.65 Å, H⋯Cl 2.76 Å; CHCl 169 °, C⋯Cl 3.70 Å, H⋯Cl 2.73 
Å). The triazolyl atoms N2 and N3 also exhibited N⋯H interaction with H10B 
of the methylene bridge between quinoline and triazole (NHC 156 °, C⋯N 
3.51 Å, H⋯N 2.83 Å; NHC 150 °, C⋯N 3.38 Å, H⋯N 2.49 Å), forming a 
3D supramolecular architecture The presence of the hydrogen bonds would 
also help to stabilize the 9-membered chelate complex in solid state. 
 





Figure 3.16. Molecular structure of 15 containing a DMF molecule as solvate. 
Zn(1)‒N(2) 2.115(3) Å, Zn(1)‒N(1) 2.130(3), Zn(1)‒Cl(2) 2.255(2), Zn(1)‒
Cl(1) 2.2552(17), Zn(1)‒O(1) 2.380(3); N(2)‒Zn(1)‒N(1) 135.62(9) ° , N(2)‒
Zn(1)‒Cl(2) 103.83(8), N(1)‒Zn(1)‒Cl(2) 99.14(7), N(2)‒Zn(1)‒Cl(1) 
98.71(9), N(1)‒Zn(1)‒Cl(1) 104.49(9), Cl(2)‒Zn(1)‒Cl(1) 116.07(4), N(2)‒





Figure 3.17. (a) 1D network in 15 through intermolecular π-π stacking 






Complex 15 crystallizes in a triclinic space group P-1 with a DMF 
molecule from the recrystallization solvent found in the unit cell. A distorted 
trigonal [N,O,N] coordination was observed with the O1 atom coordinating to 
Zn1 with a Zn‒O distance of 2.380(3) Å which falls in the sum of the covalent 
distances of Zn and O within experimental error. The Zn‒O distance is longer 
than other reported [N,N,O] tridentate Zn(II) complexes with a range of 
2.0068(16) to 2.3150(17) Å which are often observed for zinc-alkoxyl, 
phenolic or carbonyl oxygen bonds,
234
 showing the weaker coordination of the 
ether oxygen atom. With the coordination of O, the Zn‒N distance in 15 
(2.115(3) and 2.130(3) Å) is slightly longer than that in 12 and 13 (2.051(2) to 
2.060(3) Å), showing the π back-bonding effect of the oxygen atom to the Zn 
metal centre. The formation of the Zn‒O bond could be attributed to the larger 
steric bulk of the anthracene moiety as compared to the phenyl and pyridyl 
group, hence encouraging the bending of the ligand for the Zn‒O bond 
formation. Like in 12 and 13, intermolecular C‒H⋯Cl hydrogen bonding exist 
between the Cl1 and H5 (CHCl 149 °, C⋯Cl 3.66 Å, H⋯Cl 2.82 Å) and Cl2 
with H2 (CHCl 174 °, C⋯Cl 3.67 Å, H⋯Cl 2.72 Å) and H10B (CHCl 
141 °, C⋯Cl 3.66 Å, H⋯Cl 3.58 Å). Intermolecular π⋯π ring stacking was 
also observed between quinolyl-quinolyl (centroid-centroid distance
235
 3.69 Å) 
as well as anthracene-anthracene (centroid-centroid distance
235
 3.79 Å), giving 







3.3.2. Solid-state photoluminescence studies of 12-16 
  
Figure 3.18. Solid state emission spectra of L7-11. λex = 300 nm. 
 
  








































































Table 3.5. Solid-state emission wavelength for ligands L7‒L1 and complexes 
12‒16 at room temperature. 
Complex/Ligand Solid-state emission /nm 
L7 382 
[ZnCl2(L7)] (12) 364, 369, 464, 493 
L8 378 
[ZnCl2(L8)] (13) 368, 376, 455, 486 
L9 384 
[ZnCl2(L9)] (14) 376, 388, 460, 489 
L10 438 
[ZnCl2(L10)] (15) 466 
L11 468 
[ZnCl2(L11)] (16) 491 
 
From Chapter 2, the chemosensing properties of L7-11 were examined 
and it was demonstrated that L7-9 gave a red shift in emission when Zn
2+
 was 
added due to the coordination to Zn
2+
 metal centre. It is hence of interest to 
examine the photoluminescence properties of Zn(II) complexes 12-16. The 
solution photoluminescence spectra of 12-16 previously recorded in DMF 
showed the same peak as the ligand at 380 nm (intra-ligand ππ* transition) 
instead of the new peak at 417 nm (MLCT band from Zn(II) complexes), 
showing dissociation of the ligand from the complex, and therefore the solid 
state photoluminescence was examined.  
 
The solid state photoluminescence spectra of L7-11 and 12-16 using 
excitation wavelength of 300 nm are as shown in Figure 3.18 and 3.19. With 
the solution spectra of L7-9 in chloroform showing an emission peak at around 
380 nm, likewise in solid state, L7-9 gave an emission at 382, 378 and 384 nm 
respectively, corresponding to the intra-ligand π*  π transition, similar to 
reported 8-HQ-triazolyl chemosensors.
73-86
   L10 gave a broad emission peak 
at 438 nm, which is a summation of the three finger peaks of anthracene in 
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solution state previously observed at 394, 416 and 444 nm. L11 on the other 
hand exhibited enhanced broad peak with an emission hump at 468 nm unlike 
in solution state with finger peak at 377, 396 and 418 nm, showing the 
quenching in solid state due to aggregation of the pyrene moiety as well as 
scattering processes in solid state. 
 
 Upon coordination to ZnCl2, the solid state photoluminescence spectra 
of 12-14 showed distinct changes from its ligand counterparts. It was first 
noted that the absolute intensity of the resulting complexes is around two to 
three times higher than the ligands as a result of increased rigidity of the 
molecular structure that leads to a decreased in probability of non-radiative 
transitions by electrons in excited state.
236
 The broad peak of the ligand at 
around 380 nm has become narrower and showed the formation of 2 peaks at 
the same emission wavelength of the ligand, which is likely due to intra-ligand 
π*  π and π*  n transitions. A formation of a new broad peak at around 
490 nm was observed, which corresponds to the chelation-enhanced 
fluorescence effect (CHEF), which is similar to the formation of new peak at 
417 nm in solution state. A small hump at around 460 nm was also observed. 
For Zn(II) complexes with emission bands at ~450 nm, there are two possible 
assignment for the band. Firstly, they could be assigned as charge-transfer 





, being a d
10
 metal centre, is stable and not prone to redox reactions and 
hence it is unable to participate in low-energy charge transfer for metal-
centred transitions. The transitions are typically believed to be ligand-centred 
in nature to be intra-ligand or ligand-ligand charge transferred.
238
 In our case, 
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though we believed it is more likely to be metal centred due to the intra-ligand 
band already present in 380 nm range, DFT calculations will be required to 
assign the bands accurately as carried out by some of the other groups for their 
Zn(II) complexes.
239
  The emissions at ~490 nm were also observed in Zn(II) 
triazolyl complexes and polymers previously reported in our group, whereby 
the bands were assigned to intra-ligand transitions and/or metal-to-ligand 
charge transfer states.
240
 The red-shifting in solid state was much more drastic 
as compared to the solution state from a ~20 nm shift to 100 nm shift, due to 
the rigidity in solid state packing,
241
  as seen from the rigorous hydrogen 
bonding network as discussed in Section 3.3.2. For 15 and 16, previously 
whereby L10 and L11 only showed a PET-type response in chemosensing (i.e. 
change in emission intensity with no shift in emission wavelength), a ~30 nm 
red-shift was observed with broadening of the emission peak for 15 whereas 
formation of a more distinct peak shape occurred for 16. No peak at 380 nm 
range was observed, showing the overwhelming emission of the anthracene 
and pyrene moiety over the [N,O,N] quinoline core, which tallied with the 
previous observations made. Nevertheless, the highly emissive Zn(II) 
complexes 12-16 giving blue-green emission in solid state has the potential to 
be applied as luminescent materials, with many 8-HQ-based organic 






3.4. Cu(II) complexes of [N,O,N] hybrid ligands 
 
Scheme 3.7. Preparation of Cu(II) [N,O,N] complexes 17-21. 
 
Complexes 17-21 were prepared from the reaction of L6‒L11 with 
CuBr2 in a mixed solvent of chloroform and ethanol at room temperature 
overnight whereby brown precipitates were formed in high yields of 84 to 
95%. CuBr2 was used instead of CuCl2 as the use of CuBr2 in combination 
with 2,2,6,6-tetramethyl-piperidyl-1-oxy, TEMPO, can be efficiently applied 
for catalytic oxidation of various alcohol,
243
 which is to be explored in chapter 
3.4.2.1. Complexes 17-21 were characterized by ESI-MS, FT-IR and 
elemental analysis. The ESI-MS peaks showed mainly the [CuBr(L)] peaks 
with moderate to high intensity. Like its Zn(II) and Co(II) counterparts, the 
complexes have poor solubility in common solvents and is mainly soluble in 




 3.4.1. X-ray crystal structure of complexes 17-21 
 
Figure 3.20. Molecular structure of 17 with half a diethyl ether in the 
asymmetric unit.  
 
Figure 3.21. Molecular structure of 18 containing half an EtOH and two 
quarterly occupied H2O molecules in the asymmetric unit.  
 




Figure 3.23. Molecular structure of 20 containing one molecule of CH2Cl2 in 
asymmetric unit. 
 
Figure 3.24. Molecular structure of 21 containing half a CH2Cl2 and one 
quarter of H2O molecule in the asymmetric unit.  
 
The molecular structures of complexes 17‒21 are as shown in Figure 
3.20 to 3.24. The crystals are obtained from the layer diffusion of diethyl ether 
into DMF solution for 17-19 and CH2Cl2 into DMF solution for 20 and 21. 
The five complexes are mononuclear and isostructural with [N,O,N] tridentate 
coordination to quinolyl N, ether O and triazolyl N. Distorted trigonal 
bipyramidal geometry was observed for 17, whereby Cu, two Br atoms and O 
atom lies on the equatorial plane with two N donors perched at apical 
positions with a trigonality index, τ = 0.74.217 For 18‒21, the geometry is 
closer to distorted square pyramidal, with τ ranging from 0.14 to 0.49 and Br 
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atom that has a longer Cu‒Br distance at the apical position (Table 3.6).  
Distorted square pyramidal geometry and the bond length and angles are 
similar to that reported Cu(II) complex formed by CuCl2 metal salts and 8-(2-
pyridylmethoxy)quinoline,
244
 as well as other [N,O,N] tridentate complexes 
containing the quinoline moiety.
245
 Complexes 17‒21 generally crystallizes in 
the monoclinic space group P21/c except for 19, which crystallizes out in 
orthorhombic space group Pbca.  
Table 3.6. Selected bond lengths [Å] and angles [°] for complexes 17‒21. 
Complex 17 18 19 20 21 
Cu1‒N1 1.996(3) 2.001(2) 1.996(4) 1.924(10) 1.990(3) 
Cu1‒N2 1.982(3) 1.995(2) 1.992(4) 1.975(3) 1.972(3) 
Cu1‒O1 2.192(3) 2.2114(18) 2.192(3) 2.192(3) 2.166(2) 
Cu1‒Br1 2.4209(6) 2.4115(5) 2.4135(7) 2.477(3) 2.3701(6) 
Cu1‒Br2 2.3880(6) 2.3697(8) 2.4027(7) 2.3901(7) 2.5318(6) 
N1‒Cu1‒N2 151.42(12) 151.56(9) 152.41(16) 156.3(4) 153.03(13) 
N1‒Cu1‒O1 77.45(11) 77.14(8) 77.80(14) 80.2(4) 77.52(12) 
O1‒Cu1‒Br1 106.77(8) 106.33(5) 108.51(9) 94.23(9) 144.33(7) 
N1‒Cu1‒Br1 96.32(9) 95.07(6) 96.48(12) 91.3(3) 98.45(9) 
N1‒Cu1‒Br2 95.95(9) 95.54(7) 92.93(11) 95.3(4) 93.56(9) 
τa 0.74 0.42 0.49 0.44 0.14 
a τ is calculated as (β – α)/60, where β and α are basal angles of the ideal 
square-pyramidal plane. A τ value of 0 quantifies a compound with a perfect 






Intermolecular π-π stacking interactions were observed for all 
complexes, giving rise to molecular networks. For 17 and 18 with the pyridyl 
and phenyl moiety, a 2D network is formed as shown in Figure 3.25 for 18. 
There are two kinds of π-π stacking interactions observed, intermolecular 
quinoline-quinoline ring stacking (centroid-centroid distance
235
 - 3.68 Å for 17 
and 3.66 Å for 18) and intermolecular triazolyl-phenyl or -pyridyl π-π stacking 
(centroid-centroid distance
235
 - 3.73 Å for 17 and 3.66 Å for 18). For 19, only 
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naphthalene-quinoline π-π interactions are observed, with centroid-centroid 
distance
235
 of 3.78 Å, giving rise to a 1D network (Figure 3.26).  In 20 and 21, 
quinoline-quinoline ring stacking (centroid-centroid distance
235
 - 3.67 Å for 20 
and 3.61 Å for 21) as well as anthracene-anthracene/pyrene-pyrene 
interactions (centroid-centroid distance
235
 - 3.83 Å  for 20 and 3.67 Å for 21) 
give rise to a 1D network as seen in Figure 3.27 for 20. Similar 1D network 
structures were also observed for Cu(II) quinoline-based benzimidazole 
complexes.
245(b) 
Along with the increase in number of substituent aromatic 
rings, the networks of complexes 17‒21 reduce from 2D to 1D, which can be 





Figure 3.25. (a) Intermolecular π-π stacking interaction and (b) 2D network 
structure in 18. 
 
 
Figure 3.26. 1D network in 19 through intermolecular π-π stacking interaction 










Figure 3.27. (a) 1D network in 20 through intermolecular π-π stacking 








3.4.2. Catalytic investigations of complexes 17-21  
 
 The catalytic properties of 17-21 were also investigated. With copper 
compounds widely used in several reactions such as the oxidation of organic 
compounds,
246







 we have selected two catalytic reactions to apply the 
catalysts, namely, aerobic oxidation of alcohol and copper-catalyzed azide-
alkyne cycloaddition (CuAAC). Cu-catalyzed aerobic oxidation reactions have 
been applied industrially
250
 and the facile aerobic oxidation of Cu(I) to Cu(II) 
is widely recognized,
251
 leading us to explore this reaction with the 
synthesized complexes. On the other hand, with CuAAC being widely used as 
discussed in Chpater 1.1.4, many different kinds of Cu(I) and Cu(II) sources 
including hybrid Cu(I) and Cu(II) complexes have been used as catalysts in 
this reaction.
252
 Therefore, the catalytic potential of 17-21 was explored in 
one-pot AAC reaction under base-free conditions. 
 
3.4.2.1. Aerobic oxidation of alcohols 
 
Complexes 17‒21 were screened for the selective oxidation of alcohols 
into their corresponding aldehydes (Table 3.7). This reaction attracted our 
attention due to its importance in the chemical and pharmaceutical industries 
such as the oxidation of benzyl alcohol to benzaldehyde
253
 as well as the 
increasing use of Cu/TEMPO systems for aerobic oxidation.
254
  The 
mechanism is as shown in Scheme 3.8 as proposed by Reedijk,
255
 using a [N,N] 
bidentate ligand as supporting ligand on Cu. Firstly, the alkoxide anion 
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generated from the reaction between the alcohol and the base, will coordinate 
to the copper(II) complex to form the alkoxide complex (I). After which, 
TEMPO would coordinate to the copper(II) ion in a η2 manner to give (II). 
The α-hydrogen would then be transferred to the oxygen atom of TEMPO, 
giving copper complex of TEMPO-H and a RHC•-O radical (III). The 
intramolecular transfer of one electron from the RHC•-O radical to Cu(II) 
leads to the aldehyde, TEMPO-H and a Cu(I) species (IV). The initial reagents 
are then regenerated by the TEMPO-mediated oxidation of Cu(I) to Cu(II), 
and by the aerobic oxidation of the TEMPO-H to TEMPO. 
 
Scheme 3.8. Proposed mechanism of (Cu-N-ligand-TEMPO)-catalyzed 







Optimization of the reaction conditions were carried out using 20 with 
the model substrate of benzyl alcohol (Table 3.7). The reaction was carried out 
with the vessel open to atmosphere instead of the use of an air balloon. 
Various solvents such as MeCN/H2O, CHCl3, EtOH and H2O were tested for 
the reaction and H2O gave the highest conversion despite having a 
heterogeneous mixture. This could be due to H2O involvement in the catalytic 
cycle as an electron donor. The mixed solvent of MeCN/H2O gave comparable 
results as well, but only H2O was used so as to further increase the 
temperature to 100 °C. The bases were also screened and the increase of 
basicity from Na2CO3 to Cs2CO3 gave a lower conversion despite better 
selectivity. The increase of catalyst loading (1 to 5 mol%) and temperature (r.t. 
to 55 °C to 100 °C) give highest conversion of 97%. Therefore, 5 mol% 
catalyst loading and 100 °C were chosen as the optimized condition. Next, the 
rest of the complexes were screened towards oxidation of benzyl alcohol and 
three other substrates shown in Table 3.8. Moderate to high selectivity of 57% 
to 85% was achieved for the oxidation of benzyl alcohol, and benzoic acid was 
detected as a side product by GC-MS. The reaction with 4-bromobenzyl 
alcohol gave the highest conversion but a lower selectivity (Entry 2). However, 
when the reaction was applied to 2-pyridinemethanol and hexanol, poor 
selectivity and yields were observed, as seen in Entry 3 and 4. The catalytic 
results demonstrated that complexes 17‒21 behaved more like heterogeneous 
catalysts given their insolubility in H2O. The lack of possible vacant site at the 
Cu(II) centre with the presence of bulky ligand explains the lower selectivity 






Table 3.7. Optimization of conditions for aerobic oxidation of benzyl alcohol. 
 
Entry Solvent Base Temp / °C Conversion /% Yield /% 
1 MeCN Na2CO3 r.t. 15 5 
2 MeCN/H2O (1:1) Na2CO3 r.t. 26 12 
3 EtOH Na2CO3 r.t. 6 3 
4 CHCl3 Na2CO3 r.t. 8 8 
5 H2O Na2CO3 r.t. 29 12 
6 H2O Na2CO3 55 31 20 
7 H2O K2CO3 55 28 18 
8 H2O Cs2CO3 55 19 19 
9 H2O Na2CO3 100 58 38 
10
a
 H2O Na2CO3 100 97 70 
a
 5 mol% catalyst loading 
 
Table 3.8. Catalytic activities of complexes 17‒21 in oxidation of alcohols. 
 
Entry Substrate Product GC-Conversion (Yield)/%, 24h 





















































3.4.2.2. Cu-catalyzed azide alkyne cycloaddition 
 
The catalytic activities of complexes 17‒21 for the one-pot AAC 
reaction under base-free conditions were optimized by the model reaction of 
benzyl chloride, NaN3 and phenylacetylene with a catalyst loading of 0.5 mol% 
under different temperature and solvent conditions. Lower yields were 
obtained with pure water, but a strong acceleration was observed in the 
MeOH/H2O mixed solvent with improved catalyst solubility. Addition of 
reducing agent, sodium ascorbate, had also resulted in lower conversions. 
Higher temperature (50 °C) and a longer reaction time (20 h) would result in 
quantitative conversions. Under optimized conditions, the catalytic 
performances of 17‒21 were investigated for eight various functionalized 
substrates (Table 3.7). Other than 4-isopropylbenzyl bromide (with 59-81% 
yields, Entry 4) and the 2,5-difluorobenzyl bromide substrates (81-88%, Entry 
6), all the other bromides showed high yields (>90%) of 1,4-disubstituted-
1,2,3-triazoles, which were confirmed by NMR analysis.
256
 The square-
pyramidal structure of 21 as elucidated by the crystal structure demonstrated 
the highest yield for the bulky 4-isopropylbenzyl bromide (81%) as compared 
to the other Cu(II) complexes which tend towards trigonal bipyramidal 
structure (64-76%), showing the ease of entrance of the azide towards the 
metal centre with a more accessible vacant site of entry below the square plane, 
which was further supported by the 1D π-π network. Trace amounts of 
homocoupling products of dialkynes catalyzed by copper were detected by 
GC-MS, which is a common side product from the CuAAC reaction.
257
 These 
Cu(II) [N,O,N] tridentate complexes showed good catalytic activities for 
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alkyne-azide cycloaddition reactions, which enriched existing catalyst systems. 
Compared with metal salts, these complexes are stabilized by the [N,O,N] 
ligand L7‒L11 and are effective under base-free and aqua compatible 
conditions.  
 
Table 3.9. Optimization of reaction conditions for AAC reaction. 
 
Entry Solvent Temp/ °C t/ h 
GC-MS 
Conversion /% 
1 H2O 30 20 69 
2 MeOH/H2O (1:1) 30 20 94 
3
a
 H2O 30 20 57 
4
a
 MeOH/H2O (1:1) 30 20 97 
5 H2O 50 20 96 
6 MeOH/H2O (1:1) 50 20 >99 
7
a
 H2O 50 20 98 
8
a
 MeOH/H2O (1:1) 50 20 66 
9 MeOH/H2O (1:1) 50 1 92 
10
a
 MeOH/H2O (1:1) 50 1 81 
a













Table 3.10. Catalytic activities of complexes 17‒21 in AAC reaction. 
a










Entry Bromide Product 
GC-MS Yield /% 
17 18 19 20 21 
1 
  
99 99 99 99 89 
2a 
  
95 99 90 99 99 
3 
  
98 99 99 90 99 
4 
  




99 98 91 99 97 
6 
  




94 92 91 84 99 
8 
  





 A series of novel complexes prepared from the ligands L1-11 with 
Pd(II), Co(II), Zn(II) and Cu(II) have been prepared. Despite the tendency of 
Pd[N,N,N] complexes being oxidized in solution upon standing for some time 
as demonstrated by the crystal structures of 1’ and 3’, complexes 1-6 exhibited 
good catalytic activities in Suzuki coupling. The mechanism for the oxidation 
of the methylene bond still requires further investigation such as DFT 
calculations. [N,O,N] tridentate coordination to Co(II) was also demonstrated 
in 7-11. However, poor catalytic activities in olefin epoxidation were observed 
due to steric constrains in the geometrical transformations required in the 
catalytic cycle. Zn(II) [N,O,N] complexes (12-16) exhibited good solid state 
emissions which have the potential to be used as photoluminescent materials. 
Lastly, the increase in number of aromatic rings in the ligands causes the 
transformation of the π-π stacking structure of the Cu(II) [N,O,N] complexes 
from 2D to 1D network in solid state. Complexes 17-21 showed good catalytic 
properties in CuAAC reaction but moderate activity in aerobic oxidation of 
alcohols.  Overall, this section would contribute to the pool of the [N,O,N] and 
[N,N,N] quinolyl-triazolyl tridentate metal complexes currently present, with 
many potential functional applications with these hybrid ligands and their 
metal complexes derivatives. For the Pd(II) complexes, modifications to turn 
them water-soluble for coupling reactions are possible with the focus turned 
into aqueous-based catalytic reactions to suffice as green chemistry.
258
 The 
Zn(II) complexes could also be applied in fluorescent detection of natural 
amino acids due to Zn(II) having electronic interactions with amino acids such 
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as cysteine and histidine.
259
 Coupling reactions or one-pot multi-component 
reactions with Co(II) complexes could be examined to fully utilize their 
catalytic potentials.
260
 Lastly for Cu(II), the complexes could be examined for 
their antibacterial and cytotoxic activity
261
 or the [N,O,N] ligand could be 
reacted with CuI to form luminescent [Cu4I4] aggregates with recent report by 
our group with the use of quinolyl-triazoles as supporting ligand,
262
 hence 




Chapter 4: Synthesis of a New Ru Nanocluster Catalyst 
with Coordination Programming 
 
 With the preparation of the various hybrid [N,N,N] and [N,O,N] metal 
complexes described in Chapter 3, we next attempted to prepare Ru(II) metal 
complexes, which are commonly used in dye-sensitized solar cells
263
 as well 
as in a wide range of catalytic reactions such as oxidation and transfer 
hydrogenations.
264
 However, efforts were futile in trying to isolate pure 
complexes despite many attempts, which would be briefly discussed in 
Section 4.1. We hence move on to looking at Ru nanocluster catalyst with 
coordination programming for oxidation of alcohols. Ru nanoclusters reported 
in literature are mostly used for hydrogenation of aromatics such as 
benzene,
265
 or for dehydrogenation of ammonia-borane for hydrogen 
liberation.
266
 To the best of my knowledge, only a few examples of Ru 
nanoclusters for aerobic oxidation of alcohol were reported. Kaneda reported 
Ru species on hydroxyapatites,
267
 while Rosolen prepared Ru nanoclusters on 
micronanostrucured charcoal composite,
268
 and Mizuno et al. prepared 
supported Ru catalyst on Al2O3 for solvent-free oxidation.
269
 Hence, on this 
basis, this section of the work would discuss the preparation of Ru 
nanoclusters on silica. In collaboration with Prof. Mizuki Tada (currently at 
Nagoya University), this section of the work was carried out at the Institute of 
Molecular Sciences (IMS), Okazaki, Japan with support from the International 





4.1. Previous attempts in the preparation of Ru(II) complexes 
 
Scheme 4.1. Synthetic routes for preparation of Ru(II) complexes. 
 
 Scheme 4.1 shows the synthetic routes for the preparation of Ru(II) 
complexes with L8, L10 and L11 with three Ru(II) precursors RuCl2(PPh3)3, 
Ru(dppe)2Cl2 and Ru(CH3COO)2(PPh3)2, with procedures adapted from the 
preparation of other [N,O,N] Ru(II) complexes by Xue et al..
140
 Two other Ru 
metal precursors, RuCl3 and Ru3 acetate, were also used. For RuCl2(PPh3)3 and 
Ru(CH3COO)2(PPh3)2, from the ESI-MS spectra, the peaks corresponding to 
the product [Ru(L)(X)2Cl]
+
, with X = Cl or CH3COO, were observed as the 
main peaks with matching isotopic patterns for all R groups. However, excess 
peaks were observed at the aromatic region of the 
1
H NMR spectrum from δ 
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7-8 ppm. From 
31
P NMR spectrum, instead of the 2 peaks expected, there are 
many other peaks observed as well. This could be due to a mixture of mer- and 
fac- product, together with the starting precursor as well as some excess PPh3 
or due to product decomposition. Attempts to purify via column 
chromatography and recrystallization were not successful due to the instability 
of the product in solution which was easily oxidized to give Ru(III) products, 
especially in chlorinated solvents. Ru(dppe)2Cl2 was used instead to provide 
additional stability to the end product with the presence of the chelating dppe 
ligand. From the ESI-MS analysis, only the peak corresponding to 
[Ru(dppe)2Cl]
+ 
was observed, showing the weak coordination of the ligand 
which fragments under high voltage conditions. From the 
1
H NMR spectrum, 
slight excess aromatic peaks are observed. 
31
P NMR spectrum showed 2 triplet 
peaks at δ 30.4 and 50.8 ppm corresponding to the 2 P atoms of dppe, with 
slight presence of trans-Ru(dppe)2Cl2 seen at δ 43.4 ppm. Further purification 
via crystallization and column chromatography was not successful. The 
complexation of L10 with RuCl3 and Ru3(µ
3
-O)(CH3COO)6(H2O)3 (Ru3 
acetate) was also attempted. Despite varying the reaction conditions such as 
solvent and using high temperature reflux, from the ESI-MS, only the ligand 
L10 peak at m/z 439 was observed. No apparent colour change in the final 
product was also observed. All the attempts could suggest that the ether 
oxygen atom does not coordinate readily to Ru(II) centre to give a stable and 
single conformation product. Hence the preparation of the Ru(II) complexes 
was discontinued and instead the focus was turned into preparation of Ru 




4.2. Preparation of catalysts 
 
Metal nanoparticles have shown to exhibit good catalytic properties in 
various reactions.
270
 In order to control and manipulate their catalytic 
properties, regulation of the number and ratio of metal atoms are required.
271
 
Therefore, a new method is designed to assemble a pre-determined number 
and type of metal ions as a precursor of metal nanoparticles and to reduce 
metal ions without further aggregation. Trinuclear ruthenium acetate cluster 
complexes, Ru3(μ3-O)(CH3COO)6(H2O)3·(CH3COO), were selected to be the 
metal precursors as there are plenty of choices for metal atom centre and as 
they have high coordination properties to pyridine ligands.
272
 By repetition of 
this simple ligand exchange reactions of the trinuclear ruthenium-acetate 
cluster to pyridine ligands, known as coordination programming, the 
determined number and types of clusters can be assembled on oxide surfaces.  
 
Scheme 4.2. Preparation of Ru nanoclusters (D) or Ru particles (E and F) 
from the grafting of Ru3(μ3-O)(CH3COO)6(H2O)3·(CH3COO) (Ru3 acetate, 
(A)) on the pyridine-functionalized SiO2 surface (B) through coordination 
interaction to give (C). 
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The preparation of the main nanocluster catalyst (D), involves 3 steps 
as shown in Scheme 4.2. First, the attachment of pyridine-anchored ligand 4-
pyridylethyltriethoxysilane (Py-et-Si(OEt)3) onto silica surface (Aerosil 300) 
was carried out to give (B), followed by the attachment of Ru3 cluster (A) onto 
(B) to give (C), and finally heating and hydrogen reduction of (C) to give (D) 
and (E). Heating of (C) under air without further reduction gave (F). Ru3 
cluster complex with a Ru3(µ3-O)(CH3COO)6(H2O)3 (A) framework was 
chosen as it was previously reported to be an active catalyst for selective 
oxidation of alcohols to aldehydes in ethanolic solutions
273
 as well as having a 





4.2.1. Synthesis of pyridine-anchored SiO2 support (B) 
 
 In the preparation of (B), Py-et-Si(OEt)3, was added to pre-calcinated 
SiO2 (Aerosil 300) in toluene and refluxed for 24 hours to serve as a surface 
functionalized with coordinating ligands for grafting Ru3 cluster. The surface 
density of the pyridine moiety (Py/nm
2
) was determined via elemental analysis 
through the value of N% which is derived only from Py. The surface density 
of Py on (B) was calculated to be 0.33 ± 0.05 nm
-2
 (Table 4.1). To further 
ensure the presence of the pyridine moiety, a DR-UV-visible spectrum using 
Aerosil 300 as reference was obtained for (B) while liquid state UV-visible 
spectrum was recorded for Py-et-Si(OEt)3 in CH2Cl2 as show in Figure 4.1. 
The peak at around 255 nm corresponding to  * transitions in pyridine 
ring (Py) of both (B) and Py-et-Si(OEt)3 were observed, indicating that Py 
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species are actually attached on the SiO2 surface. Further work by the group 
also obtained the 
13
C SS MAS NMR of (B) (Figure 4.2) which showed seven 
peaks (δ 154.7, 148.1, 123.6, 58.6, 28.1, 16.3, and 12.3 ppm) corresponding to 
the peaks of Py-et-Si(OEt)3 (δ 152.7, 149.4, 123.3, 57.8, 27.7, 18.1, and 10.7 
ppm in DMSO-d6) (Figure 4.3). Peaks at δ 58.6 and 16.3 ppm were assigned 
to OEt of Py-et-Si(OEt)3, indicating the presence of remaining OEt groups on 
(B). 
 























(B) 253 - - C 2.64% (1.57%) 
H 0.55% (0.19%) 
N 0.22% (0.20%) 
(C) 260 4.9 (270, 293) - C 4.20% 
H 0.78% 
N 0.38% 
















 Data collected by Muratsugu S. 
b
 Calculated from the summation of percentage of C, 










Figure 4.1. Solid state DR-UV-visible spectrum of (B) with SiO2 as reference 




C SS MAS NMR of (B) and 
13
C liquid-state NMR of Py-et-
Si(OEt)3 (in DMSO-d6). 
 
 






























































4.2.2. Synthesis of (C) from the grafting of Ru3 cluster (A) on (B) 
 
In an acetonitrile solution of (B), Ru3 cluster (A) in degassed, 
dehydrated EtOH/MeCN (1:3 v/v) was added and refluxed for 1 h under 
nitrogen to give (C) via the coordination of pyridine to Ru3 centre. With the 
regulation of the surface density of (B) to be around 0.3 nm
-2
, the Ru3 clusters 
are suggested to be dispersed on the surface. The amount of loading of Ru3 
was determined by X-ray fluorescence spectroscopy (XRF), with estimated 
loading of 3.3 ± 0.3 wt% with surface density estimated to be 0.2 nm
-2
. 
Without the presence of the Py-et-Si(OEt)3, the loading was limited to at most 
1.2 wt% on SiO2, indicating the coordination of pyridine towards (A). The 
TGA analysis of (C) also showed a 4.9% weight loss, which tallies with 
removal of the acetate and the Py ligands on Ru with a carbon value of 4.2% 
in elemental analysis for (C) in Table 4.1. The DR-UV-visible spectrum of (C) 
was also recorded and showed the formation of a broad band at around 600-
700 nm, peaking at 619 nm. This was also comparable with a UV-visible 





 in CH2Cl2, which also exhibits an intracluster charge transfer band 
(ICCT)
276
 at around 697 nm (Figure 4.3) as well as in (A) with peak at 627 nm, 




Figure 4.3. Solid state DR-UV-visible spectrum of (C) with SiO2 as reference 




C NMR studies carried out by the group as shown in Figure 
4.4, the 
13
C SS MAS NMR of (C) showed resemblance to (A) and (B). The 
peaks corresponding to OEt (δ 59.0 and 19.8 ppm) and et (δ 29.8 and 15.7 
ppm) of Py-et-Si(OEt)3 generally showed downfield shift as compared to (B), 
while the Py peaks remained in the range of δ 128 to 180 ppm. The peak 
corresponding to CH3COO ligand on Ru was upshifted from δ 221.8 ppm in 
(A) to δ 199.0 ppm in A-Py3, indicating Py coordination. When (A) was 
refluxed with one equivalent of pyridine for 20 minutes, several peaks were 
observed in 
13
C NMR spectrum which shows the sequential coordination of 
pyridine to Ru centre. The peaks at δ 221.5, 206.3, 205.8 and 196.9 ppm 
indicate the increase in number of pyridine coordinated from zero to three. 
With the CH3COO ligand peak of (C) located at δ 203.4 ppm which lies 




































between that of (A) and A-Py3 as well as ((A)+Py), the number of coordinated 
Py could not be determined precisely, although it did suggest that the Ru3 
cluster is at least coordinated to one or two pyridine ligands on the surface. 
The local coordination structure of (C) was investigated by Ru K-edge 
Extended X-Ray Absorption Fine Structure (EXAFS) spectra, with the curve 
fitting data as shown in Table 4.2. The coordination numbers (CN) and the 
distances for Ru⋯Ru, Ru–O (μ3-O), Ru–O/N (CH3COO, Py, H2O), Ru⋯C 
(CH3COO) and Ru⋯O (CH3COO) are similar for (A) and (C). These 
parameters suggested that the framework of Ru3-(μ3-O)-(μ-CH3COO)6 was 
maintained on the SiO2 surface. The Ru K-edge X-ray absorption near edge 
structure (XANES) spectra also supported the similarity in the structure and 
oxidation state between (A) and (C) (Figure 4.6). With the concentration of Py 
ligand regulated to be as small as 0.3 nm
-2
 on the surface, the major species of 






C SS MAS NMR of (C) and 
13
C liquid-state NMR of (A) (in 
CH3OD), (A) with Py (1:1) after refluxing for 20 minutes (in CD3OD) and A-
Py3 (in CD3CN).  
 
    
Figure 4.5. k
3

















































 (A)  (A)+Py (1:1)  A-Py
3
  (C)























Table 4.2. Structural parameters of (A) and (C) determined by curve-fitting 























0.331 ± 0.001 
0.190 ± 0.003 
0.204 ± 0.001 
 
0.300 ± 0.003 
0.331 ± 0.004 
-2 ± 4 
0 ± 2 
0 ± 2 
 
0 ± 2 
0 ± 2 
3 ± 1 
4 ± 1 
4 ± 1 
 
4 ± 1 









1.9 ± 0.7 
0.9 ± 0.2 
5.1 ± 0.2 
 
3.7 ± 0.9 
3.7 ± 0.9 
0.332 ± 0.001 
0.189 ± 0.003 
0.204 ± 0.001 
 
0.301 ± 0.003 
0.331 ± 0.006 
-2 ± 4 
1 ± 2 
1 ± 2 
 
1 ± 2 
1 ± 2 
3 ± 1 
4 ± 1 
4 ± 1 
 
4 ± 1 
4 ± 1 
a
 k = 30–160 nm-1, R = 0.10–0.33 nm, Rf = 1.6%. 
b
 k = 30–160 nm-1, R = 0.10–0.33 
nm, Rf = 1.7%. 
 
 


















4.2.3. Synthesis of Ru nanoclusters and particles (D), (E) and (F) from (C) 
The transformation of supported Ru3 cluster (C) was carried out via 
heating at 550 °C under vacuum (ca. 10
-2
 Pa) or air for 2 h before undergoing 
hydrogen reduction (40 kPa) for 1 h gave (D) and (E) respectively, while (F) 
was prepared from treatment at 550 °C in air without final hydrogen reaction. 





 respectively) and comparable to that of the support (Aerosil 300). 
The TEM images of (D) and (E) collected by the group are as shown in Figure 
4.7. Dark spots with average diameter of 1.3 ± 0.3 nm were observed for (D), 
and through EDS analysis the presence of Ru was confirmed, indicating the 
spots as Ru nanoclusters. The size of (D) is comparable to phosphine-
stabilized Ru nanoparticles prepared by van Leeuwen with the size of 1.1-2.1 
nm,
 277
 while smaller than other reported Ru nanoclusters such as acetate-
stabilized or PVP-stabilized Ru(0) nanoclusters of 2.8 ± 1.4 nm and 2.4 ± 1.4 
nm particle size respectively,
278
 showing the advantage of this preparation 
method without the use of stabilizing agents. No large aggregation of Ru 
particles was observed. However, for (E), the TEM images showed the 
presence of heterogeneous aggregated Ru particles of more than 10 nm in size 
with the inter-planar distance of 0.203 nm, which indicates a Ru (101) plane. 
The dispersion of Ru nanoclusters of (D) was also indicated by XPS spectra 
whereby the Ru 3p1/2 and 3p3/2 peak intensities of (E) and (F) were much 




Figure 4.7. TEM images of (D) 3 wt% in (a) and (b), particle size distribution 
chart of (D) in (c), and TEM images of (E) 3 wt% in (d) and (e).  
 
 
Figure 4.8. Ru 3p XPS spectra of (D), (D) (collected after oxidation of benzyl 
alcohol), (E), and (F). The intensity of the spectrum was normalized by the 
peak area of O 1s. 
 
 
In the XRD spectra of (D) (Figure 4.9), only a broad peak at 2θ around 
21 ° corresponding to amorphous SiO2 was observed, showing the absence of 
large Ru and RuO2 particles. On the other hand, characteristic peaks 































 (D)  (D) after reaction  (E)  (F) 
1.3 ± 0.3 nm 
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attributing from Ru and RuO2 particles were observed for (E) and (F) 
respectively. From the XRD diffraction patterns of (E), the peaks at 2θ of 
38.4 ° (100), 42.4 ° (002) and 44.0 ° (101) are characteristic peaks of Ru metal. 
For (F), the peaks at 2θ of 28.1 ° (110) and 35.1 ° (101) are distinctive for 
RuO2 particles. The Ru K-edge EXAFS spectra were examined to determine 
the local coordination structure of Ru specie in (D) (Figure 4.10). The Fourier 
transforms of the EXAFS spectrum of (D) when compared to that of (C) 
exhibited a new peak at 0.2-0.3 nm, which was assigned as a combination of 
Ru–Ru bonds and Ru⋯Ru contributions, as well as a strong peak at 0.16 nm 
assigned as Ru–O interaction, with the coordination numbers and distances 
shown in Table 4.3. This suggests the presence of both metallic and oxidized 
Ru species in (D) while for (E) and (F), metallic Ru and RuO2 was observed 
respectively, which tallied with the XANES spectrum (Figure 4.11). 
Other small Ru nanoclusters such as the highly dispersed 
Ru(OH)x/TiO2 catalyst used for hydrogen-transfer reaction (CN(Ru⋯Ru) = 
0.37 ± 0.17) by Mizuno et al.
279
 and carbon-supported RuO2·2H2O catalyst for 
cellulose hydrolysis (CN(Ru⋯Ru) = 1.0 ± 0.4) by Fukuoka et al.280  were 
reported. In (D), the Ru nanoclusters are different from aggregated Ru species 
on (E) and (F) whereby they were not metallic and fully oxidized. This 
suggests that they would contain a mixture of metallic Ru and oxidized Ru 
particles such as RuO2, RuO2·2H2O, or Ru(OH)x. Despite the controversies 
over the detailed and exact structure, Ru nanoclusters with size much smaller 
than those on (E) and (F) were formed on (D) were as characterized by XRD, 









-weighted Ru K-edge EXAFS Fourier transforms for (D), (E), 












































 (D)  (E)  (F)  RuO
2
  Ru Powder 



























 (D)  (E)  (F)  RuO
2
  Ru powder
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Table 4.3. Structural parameters of (D), (E), (F), Ru powder and RuO2 
determined by curve-fitting analysis of Ru K-edge EXAFS measured at -


















2.0 ± 1.1 
1.3 ± 0.8 
3.9 ± 0.5 
0.266 ± 0.003 
0.305 ± 0.004 
0.202 ± 0.001 
3 ± 4 
3 ± 4 
13 ± 2 
10 ± 3 
10 ± 3 













1.8 ± 0.3 
7.1 ± 0.7 
5.4 ± 1.2 
0.312 ± 0.001 
0.356 ± 0.001 
0.198 ± 0.001 
9 ± 1 
9 ± 1 
11 ± 3 
2 ± 1 
2 ± 1 
3 ± 1 
Ru powder
d







2.4 ± 0.4 
7.8 ± 0.8 
5.6 ± 1.8 
0.312 ± 0.001 
0.355 ± 0.001 
0.198 ± 0.001 
10 ± 1 
10 ± 1 
12 ± 1 
3 ± 1 
3 ± 1 
3 ± 1 
a
 k = 30–160 nm-1, R = 0.11–0.30 nm, Rf = 1.7%. 
b
 k = 30–160 nm-1, R = 0.16–0.30 
nm, Rf = 0.2%. 
c
 k = 30–160 nm-1, R = 0.10–0.36 nm, Rf = 1.7%. 
d
 k = 30–180 nm-1, 
R = 0.16–0.30 nm, Rf = 0.5%. 
e
 k = 30–180 nm-1, R = 0.10– 0.36 nm, Rf = 2.5%.
 
Figure 4.11. Normalized Ru K-edge XANES spectra of (D), (E), (F), Ru 
powder and RuO2. 








 (D)  (E)  (F)  RuO
2
  Ru powder
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4.3. Catalytic screening of oxidation of benzyl alcohol using 
molecular O2 
 
 With Ru known to be active for the oxidation of alcohols whether in 
homogenous phase as Ru complexes
281
 or heterogeneous phase as surface 
supported particles or complexes,
282
 catalytic screenings of the prepared 
catalysts towards selective oxidation of alcohols were carried out. Benzyl 
alcohol was chosen as the reactant of choice for initial screening and dodecane 
was used as the internal standard. The temperature of 80 °C was used with 
toluene as solvent. Oxidant is molecular oxygen of 1 atm in balloon. 




Entry Catalyst TON 
b




1 – 0 – 
2 Ru powder 0.4 n.d. 
3 RuO2 1.1 n.d. 
4 (A) 57.1 ~100 
5 (B) 0 – 
6 (C) (Ru: 3 wt%) 6.9 n.d. 
7 (D) (Ru: 1 wt%) 67.0 84.5 
8 (D) (Ru: 3 wt%) 91.4 90.4 
9 (D) (Ru: 5 wt%) 75.2 90.1 
10 (E) (Ru: 3 wt%) 3.1 n.d. 
11 (F) (Ru: 3 wt%) 5.2 n.d. 
a
 Reaction conditions: Ru3 = 1.0×10
-5
 mol, Ru3/benzyl alcohol/dodecane (internal 
standard = 1/100/50 (molar ratio), 0.33 mol L
-1
 of benzyl alcohol in toluene, 80 °C, 1 
atm of O2, 6 h. Mass balance above 0.9. n.d. = not detected. 
b
 TON = (initial mole of 
reactant – residual mole of reactant)/mole of Ru3 (at 6 h). 
c
 Selectivity of 
benzaldehyde /% = amount of benzaldehyde/(consumed amount of 
benzylalcohol)×100%. 
 
Table 4.4 shows the results of catalytic reaction of oxidation of the 
prepared supported Ru catalysts. No reaction occurred without the presence of 
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Ru like in Py-functionalized support (B) as seen in entries 1 and 5, showing 
importance of Ru for catalytic effect. Metallic Ru and RuO2 showed minimal 
activity with TON of 0.4 and 1.1 with no benzaldehyde formation (entries 2 
and 3), which can be attributed to the lack of Ru active specie formed. For Ru3 
cluster (A), the conversion of benzyl alcohol was 72.3 % with high selectivity 
and activity of TON 57.1 after 6 h (entry 4). However, the blue colour of the 
solution of (A) turned into a black suspension at the end of the reaction, 
indicating the decomposition of the Ru3 cluster. In contrast, after the 
attachment of (A) onto (B), the reaction became inhibited on (C) with TON of 
only 6.9 (entry 6). This suggests that the active species for the reaction was the 
decomposed species from Ru3 cluster and immobilization of (A) on the 
support subdues aggregation on SiO2 surface and therefore slowing down the 
catalytic reaction. After the structural transformation to (D) where small Ru 
nanocluster was formed, the catalytic activity recovered, and the reaction 
completed in 6 h with high selectivity of 90.4% on (D) of 3 wt% with TON of 
91.4 (entry 8). This demonstrates the superiority of heterogeneous Ru 
nanoclusters (D) over homogeneous catalyst Ru3 cluster (A) with a much 
higher TON with reasonable selectivity of 90%. 
 
When the loading of Ru was decreased to 1 wt% or increased to 5 wt%, 
the catalytic activity decreased, giving TON of 67.0 and 75.2 respectively 
(entry 7 and 9), signalling 3 wt% as the loading which gave the optimal size of 
clusters. From the Ru 3p XPS peaks of (D) 1 wt% at 461.5 and 483.9 eV 
larger than that of 3 wt% at 461.3 and 483.6 eV, Ru species of (D) 1 wt% is 
slightly oxidized as compared to (D) 3 wt%. With increase in loading, the 
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increase in cluster size is expected, and with 5 wt% the increase in number of 
surface atoms would lead to the decrease in catalytic activity. For (E) and (F) 
with aggregated metallic Ru particles and RuO2 particles, low activities were 
also observed as similar to that of the Ru powder and RuO2 (entries 10 and 11), 
indicating that the small Ru nanocluster on SiO2 surface on (D) contains a 
unique catalytically active structure. The Ru K-edge EXAFS of (D) after 
reaction (Figure 4.12) also indicated that no aggregation of (D) took place 
while the Ru 3p XPS spectra remained the same as well (Figure 4.8), 
indicating the high stability of (D) which adds more value as a highly active 




-weighted Ru K-edge EXAFS Fourier transforms for (D) and 
(D) after reaction of oxidation of benzyl alcohol. 
 
In an attempt to examine the difference in catalytic performances of 
(A) and (D), the reaction was conducted at 60 °C, a lower temperature. Figure 
4.13 shows the conversion-time plots on (A) and (D) at 80 °C and 60 °C, and 
the initial reaction rates calculated from them were shown in Table 4.5. The 


















 (D) after reaction
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decrease in temperature caused a greater disparity between the activity of (A) 
and (D). The ratio of initial reaction rate calculated by the division of the 
initial reaction rate of (D) by that of (A) at 60 °C (32.7) was much larger than 
that at 80 °C (5.2), indicating that the oxidation reaction is inhibited greatly on 
(A) at lower reaction temperature. This huge difference also suggests that the 
activation energy of this reaction on (D) is much smaller than that on (A).   
 
Figure 4.13. Conversion-time plot (up to 60 min) of (D) (3 wt%) and (A) at 
80 °C and 60 °C.  
 
Table 4.5. Initial reaction rates of oxidation of benzyl alcohol on (D) (3 wt%) 
and (A) at 80 °C and 60 °C.
 a
 
Entry Catalyst Temp / 
o
C 








1 (D) (3 wt%) 80 1.60
 b
 5.2 
2 (A) 80 0.31
 c
 
3 (D) (3 wt%) 60 0.98
 b
 32.7 




 Reaction conditions: Ru3 = 1.0×10
-5
 mol, Ru3/benzyl alcohol/dodecane (internal 
standard = 1/100/50 (molar ratio), 0.33 mol/L of benzyl alcohol in toluene, 1 atm of 
O2. 
b
 Initial reaction rate of (D) was determined by the slope of conversion over time 
from 0 to 20 min. 
c
 Initial reaction rate of (A) was determined by the slope of 
conversion over time from 0 to 40 min. 
d
 Ratio of initial reaction rate = initial reaction 
rate of (D) / initial reaction rate of (A) at a same temperature. 






























To see that the catalytic reaction is performed on the supported Ru 
nanocluster on (D), heterogeneity test of (D) and leaching test were conducted. 
Figure 4.14 shows the catalytic reaction results of the solution phase after 
separation from the solid part at the conversion of about 50%. After the 
separation, the filtrate showed almost no activity, suggesting that the catalytic 
reaction occurs on the supported Ru nanocluster on (D). After the full 
conversion, the solution was filtered off and ICP measurement of the solution 
phase was conducted. The leaching of Ru into solution was negligible at 0.2%, 
supporting that the catalytically active Ru species is on the solid phase, not in 
the solution phase. These results show that the Ru nanoclusters on (D) are the 
catalytic active species. 
 
 
Figure 4.14. Heterogenity test of (D) for the oxidation of benzyl alcohol, 
whereby red circle indicates the conversion% in the filtrate after the removal 
of solid.   






















 In the further work carried by the group, catalyst (D) was applied to the 
selective oxidation of other alcohol substrates as shown in Table 4.6. The 
substituted benzylic alcohols with p-OMe and p-Cl were oxidized into their 
respectively alcohols with excellent conversion and selectivity, showing 
minimal effects of the electronic effects of the substituent group (entries 2 and 
3). Unlike in most oxidations by Ru heterogeneous catalysts in which electron 
withdrawing groups promote the catalytic activity such as Ru/Al2O3,
283
 this 
suggests that the reaction mechanism and active specie for (D) is different. For 
allylic alcohol cinnamyl alcohol, only selective oxidation of the primary 
alcohol took place to give cinnamyl aldehyde with 89.6% selectively and high 
conversion of 81.6%, leaving the olefin intact (entry 4). (D) was also active for 
oxidation of secondary benzylic alcohol (entries 5-7), with 1-phenyl-propan-1-
ol showing a moderate conversion of 43.6% due to steric effects as compared 
to 1-phenylethanol with 73.8% conversion. It was also significant that 2-
thiophenemethanol had complete conversion with high selectivity of 93.8%, 
while 3-pyridinemethanol showed good activity as well (entries 8 and 9). For 
aliphatic alcohols, other than the allylic alcohol which showed good 
conversion of 74.3% due to the electronic effect of the olefin group (entry 10), 
(D) exhibited lower activity and selectively for 1-octanol even when 
temperature was lowered to 60 °C (entry 11). Even poorer activity was 
observed for secondary aliphatic alcohol of 2-octanol with 30.3% despite high 
selectivity of 88.7%. This is attributed to primary alcohols being poor 
substrates on (D) as similar to most of the reported heterogeneous catalyst.
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The major by-products were the corresponding carboxylic acids.  
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Table 4.6. Catalytic performances of the Ru nanocluster catalyst (D) (Ru 3 
wt%) for the selective oxidation of alcohols
a
 











~100 (6 h) 90.4 
2 
  
99.2 (11 h) 92.5 
3 
  

































 Reaction conditions: Ru3 = 1.0 × 10
-5
 mol, Ru3/alcohol/dodecane (internal standard) 
= 1/100/50 (molar ratio), 0.33 mol/L of alcohol in toluene, 80 ̊ C, 1 atm of O2. Mass 
balance was above 0.9. 
b
 Conversion (%) = (initial mole of reactant - residual mole of 
reactant)/initial mole of reactant × 100%. 
c
 Selectivity of aldehyde (%) = mole of 
aldehyde product/(initial mole of reactant - residual mole of reactant) × 100%. 
d
 The 








  A new dispersed Ru nanocluster catalyst (D) with average diameter of 
1.3 ± 0.3 nm has been synthesized through coordination programming via the 
grafting of Ru3 cluster (A) on pyridine-functionalized surface (B) and 
undergoing heat and hydrogen treatment.  The size, distribution and type of 
the Ru species formed are highly dependent on the loading and the treatment 
conditions of the supported Ru3 cluster, which was evaluated by NMR, TEM, 
XPS, XRD and XAFS analyses, and hence their intrinsic catalytic properties. 
(D) with Ru 3 wt% exhibited unique and significant activity for the selective 
oxidation of a variety of alcohols which showed promising potential in the 
systematic preparation of dispersed and robust Ru nanoclusters for oxidation 
catalysis. As mentioned in a review by Yang, selective oxidation reactions by 
heterogeneous catalysts play a crucial role in current chemical industry for the 
production of key intermediates, such as ketones and epoxides, and contribute 
to the establishment of novel green and sustainable chemical processes.
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Current challenging oxidation catalysis includes selective oxidation of 









 have been employed. The prepared Ru 
nanoclusters (D) could be applied for such challenging oxidation catalysis 
with the partial oxidation of methane (POM) into carbon monoxide using 
supported Ru catalysts reported,
290







Chapter 5: Experimental 
5.1. Experimental for Chapters 2 and 3 
Materials and physical measurements 





NMR spectra were measured at r.t. with Bruker AMX 500 MHz FT NMR 
spectrometers. Electrospray ionization mass spectrometric (ESI-MS) analysis 
was performed on a Finnigan LCQ quadrupole ion trap mass spectrometer in 
the positive ion mode. Elemental analyses for C, H and N were performed on a 
Perkin-Elmer PE 2400 CHNS elemental analyzer. Infrared spectra were 
obtained on a Varian 3100 FT-IR spectrometer using samples in KBr discs or 
NaCl plates. Photoluminescent measurements were carried out on a Horiba 
FluoroMax Spectrofluorometer at room temperature in quartz cell for liquid 
medium and quartz plates for solids. UV-visible absorption spectra were 
recorded on a Shimadzu UV-1601 spectrophotometer. Catalytic runs were 
monitored by GC-FID methods on Shimadzu GC-2010 instrument with a 
J&W DB-1 column or GC-MS methods on Agilent 7890A Series GC System 















5.1.1. Compounds described in Chapter 2 
Synthesis of N-(prop-2-yn-1)quinolin-8-amine, L0 
8-aminoquinoline (4.33 g, 30 mmol), propargyl 
bromide (80 % w.t. in toluene) (14.3 g, 120 mmol) and 
K2CO3 (12.5 g, 90 mmol) in acetone (150 mL) were 
refluxed for 4 days. The mixture was cooled and filtered to remove the excess 
base. The solvent was then removed before purifying via a neutral alumina 
column using 10:1 hexane:ethyl acetate to yield a brown oil. Yield: 2.55 g 
(47%). 
1
H NMR (500 MHz, (CD3)2SO):  (ppm) 8.54 (dd, 1H), 8.22 (dd, 1H), 
7.50 (dd, 1H), 7.41 (t, 1H, NH), 7.15 (d, 1H), 6.80 (m, 2H), 4.14 (dd, 2H, 
CH2), 3.07 (s, 1H, C≡CH).
 13
C NMR (125.77 MHz, (CD3)2SO):  (ppm) 147.1, 
143.5, 137.7, 135.9, 128.2, 127.4, 121.7, 114.2, 105.5, 81.8, 72.9, 31.9. Anal. 
Calcd for C12H10N2•0.25H2O (186.73): C, 77.19; H, 5.67; N, 15.00%.. Found: 
C, 77.01; H, 5.27; N, 14.21%. IR (NaCl)/cm
-1
: 3397 (N-H stretch), 3291 (C≡C 












Alkyl halide (5.0 mmol), Na2CO3 (0.55 g, 5.0 mmol) and NaN3 (0.358 
g, 5.5 mmol) were stirred in DMSO (20 mL) at r.t. for 4 h. N-(prop-2-yn-
1)quinolin-8-amine, L0, (0.90 g, 5.0 mmol), Na2CO3 (0.55 g, 5.0 mmol), 
sodium ascorbate (0.16 g, 0.4 mmol), CuSO4.5H2O (0.10 g, 0.04 mmol) in 
DMSO (20 mL) was then added. The reaction mixture was stirred at r.t. for 24 
h. EDTA-NH3 (0.5 M, pH 8.0, 10 mL) in H2O was then added to quench the 
reaction. The reaction mixture was then extracted with CHCl3 (3 x 60 mL), 
washed with H2O and brine before drying over Na2SO4. The solvent was then 
removed. The product was further dried under vacuum to yield brown oil.  
 
For L1, alkyl halide used was 2-picolyl 
chloride (0.80 g, 5.0 mmol) Yield: 1.36 g 
(86%). 
1
H NMR (500 MHz, (CD3)2SO):  
(ppm) 8.73 (d, 1H), 8.52 (d, 1H), 8.21 (d, 1H), 8.19 (s, 1H, triazole), 7.79 (t, 
1H),  7.49 (dd, 1H), 8.31 (s, 1H, triazole), 7.36 – 7.31 (m, 2H), 7.22 (d, 1H), 
7.09 (d, 1H), 6.95 (t, 1H, NH), 6.78 (d, 1H), 5.68 (s, 2H, CH2), 4.58 (d, 2H, 
CH2).
 13
C NMR (125.77 MHz, (CD3)2SO):  (ppm) 155.1, 149.4, 147.0, 145.4, 
144.0, 137.6, 137.3, 135.9, 128.2, 127.7, 123.6, 123.1, 122.1, 121.7, 113.7, 
104.9, 54.4, 38.3. Anal. Calcd for C18H16N6•0.25CHCl3 (346.20): C, 63.31; H, 
4.73; N, 24.27. Found: C, 63.85; H, 4.35; N, 24.12%. ESI-MS (in DMSO, 
m/z(%)): [2M+Na]
+
 = 655 (100). IR (KBr)/cm
-1




For L2, benzyl bromide (0.80 g, 5.0 mmol) used 
as alkyl halide. Yield: 0.95 g  (60%). 
1
H NMR 
(500 MHz, (CD3)2SO):  (ppm) 8.73 (dd, 1H), 
8.20 (dd, 1H), 8.05 (s, 1H, triazole), 7.50 (dd, 1H), 7.36 – 7.26 (m, 6H), 7.08 
(d, 1H), 6.93 (t, 1H), 6.74 (d, 1H), 5.55 (s, 2H, CH2), 4.55 (d, 2H, CH2). 
13
C 
NMR (125.77 MHz, (CD3)2SO):  (ppm) 147.0, 145.6, 144.0, 137.6, 136.1, 
135.9, 128.7, 128.2, 128.0, 127.8, 127.7, 122.9, 121.7, 113.7, 104.9, 52.7, 38.3. 
Anal. Calcd for C19H16N5•0.25H2O (318.87): C, 71.57; H, 5.22; N, 21.96. 
Found: C, 71.04; H, 5.13; N, 21.85%. ESI-MS (in CHCl3, m/z(%)): [M+Na]
+
 = 
338 (100). IR (KBr)/cm
-1
: 3402.3 (N-H stretch).  
 
For L3, 1-(chloromethyl)naphthalene (0.88 
g, 5.0 mmol) was used. Yield: 1.04 g (57%). 
1
H NMR (500 MHz, (CD3)2SO):  (ppm) 
8.71 (d, 1H), 8.17 (t, 2H), 8.00 (s, 1H, triazole), 7.93 (dd, 2H), 7.54 (quintet, 
2H), 7.47 (t, 2H), 7.34 (d, 1H), 7.32 (t, 1H), 7.07 (d, 1H), 6.91 (t, 1H, NH), 
6.72 (d, 1H), 6.04 (s, 2H, CH2), 4.53 (d, 2H, CH2). 
13
C NMR (125.77 MHz, 
(CD3)2SO):  (ppm) 147.0, 145.5, 144.0,  137.6, 136.0, 133.4, 131.6, 130.6, 
129.0, 128.7, 128.2, 127.7, 127.1, 126.8, 126.2, 125.5, 123.3, 123.0, 121.7, 
113.8, 104.9, 50.7, 38.3. Anal. Calcd for C23H19N5•0.25H2O•0.25CHCl3 
(399.78): C, 69.85; H, 4.98; N, 17.52. Found: C, 69.90; H, 4.85; N, 17.60%. 
ESI-MS (in DMSO, m/z(%)): [2M+Na]
+
 = 753 (100). IR (KBr)/cm
-1
: 3413.9 




For L4, 9-(chloromethyl)anthracene (1.15 g, 5.0 
mmol) was used. Yield: 1.35 g (65%). 
1
H NMR 
(500 MHz, (CD3)2SO):  (ppm) 8.72 (s, 1H), 
8.69 (dd, 1H), 8.57 (d, 2H), 8.15 (d, 1H), 8.14 (d, 2H), 7.88 (s, 1H, triazole), 
7.63 – 7.54 (m, 4H), 7.46 (dd, 1H), 7.29 (t, 1H), 7.06 (d, 1H), 6.81 (t, 1H, NH), 
6.69 (d, 1H), 6.61 (s, 2H, CH2), 4.42 (d, 2H, CH2).
 13
C NMR (125.77 MHz, 
(CD3)2SO):  (ppm) 147.9, 146.2, 144.9, 138.5, 136.9, 132.0, 131.3, 130.0, 
130.0, 129.1, 128.6, 128.0, 126.8, 126.3, 125.0, 123.5, 122.6, 114.6, 105.8, 
46.4, 39.1. Anal. Calcd for C27H21N5•0.25CHCl3 (445.33): C, 73.49; H, 4.81; 
N, 15.73. Found: C, 73.84; H, 4.80; N, 14.28%. ESI-MS (in CHCl3, m/z(%)): 
[M+Na]
+ 
= 438 (25), [2M+Na]
+
 = 853 (100). IR (KBr)/cm
-1
: 3392.7 (N-H 
stretch).  
 
For L5, 1-bromododecane (1.25 g, 5.0 mmol) 
was used. Yield: 1.30 g (66%). 
1
H NMR (500 
MHz, (CD3)2SO):  (ppm) 8.73 (dd, 1H), 8.19 
(dd, 1H), 7.99 (s, 1H, triazole), 7.49 (dd, 1H), 7.33 (t, 1H), 7.07 (dd, 1H), 6.91 
(t, 1H, NH), 6.74 (d, 1H), 4.54 (d, 2H, CH2), 4.27 (t, 2H, CH2), 1.74 (t, 2H, 
CH2), 1.17 (m, 18H), 0.83 (t, 3H, CH3). 
 13
C NMR (125.77 MHz, (CD3)2SO): 
 (ppm) 147.0, 145.1, 144.0, 137.6, 135.9, 128.2, 127.6, 122.6, 121.7, 113.7, 
104.8, 54.9, 49.3, 40.0, 39.8, 39.7, 39.5, 39.3, 39.2, 39.0, 38.4, 31.3, 29.7, 29.0, 
28.9, 28.8, 28.7, 28.3, 25.8, 22.1, 13.9. Anal. Calcd for C24H35N5•0.25DMSO 
(413.10): C, 71.23; H, 8.91; N, 16.95. Found: C, 71.64; H, 7.69; N, 17.01%. 
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ESI-MS (in CHCl3, m/z(%)): [2M+Na]
+
 = 809(100). IR (KBr)/cm
-1
: 3402.6 
(N-H stretch).  
 
For L6, 1,12-dibromododecane (0.82 
g, 2.5 mmol) was used. Yield: 0.58 g  
(36%). 
1
H NMR (500 MHz, 
(CD3)2SO):  (ppm) 8.73 (dd, 1H), 8.19 (dd, 1H), 7.99 (s, 1H, triazole), 7.48 
(dd, 1H), 7.33 (t, 1H), 7.07 (d, 1H), 6.91 (t, 1H, NH), 6.73 (d, 1H), 4.55 (d, 2H, 
CH2), 4.28 (t, 2H, CH2), 1.74 (t, 2H, CH2), 1.17 (m, 9H). 
 13
C NMR (125.77 
MHz, (CD3)2SO):  (ppm) 148.0, 146.1, 145.0, 138.5, 136.9, 129.2, 128.6, 
123.6, 122.7, 114.7, 105.8, 50.2, 30.7, 29.8 29.8, 29.3, 26.7. Anal. Calcd for 
C36H44N10•0.5DMSO (655.87): C, 67.76; H, 7.22; N, 21.36. Found: C, 67.17; 
H, 6.51; N, 21.52%. ESI-MS (in CHCl3, m/z(%)): [M]
+
 = 617 (50), [M+Na]
+
 = 
640 (100). IR (KBr)/cm
-1
: 3392.5 (N-H stretch).  
 
Synthesis of 8-((1-(pyridin-2-ylmethyl)-1H-1,2,3-triazol-4-




(0.90 g, 5.0 mmol), 2-picolylchloride 
hydrochloride (0.80 g, 5.0 mmol) or benzyl bromide (0.80 g, 5.0 mmol), 
Na2CO3 (0.55 g, 5.0 mmol), sodium ascorbate (0.16 g, 0.4 mmol,), 
CuSO45H2O (0.10 g, 0.04 mmol), NaN3 (0.32 g, 5.0 mmol) in DMSO (40 mL) 
was stirred at r.t. for 24 h. H2O (50 mL) was then added to quench the reaction. 
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The reaction mixture was then extracted with ethyl acetate (3 x 50 mL), 
washed with H2O and brine before drying over Na2SO4. The solvent was then 
removed. The residue was then further washed with diethyl ether and hexane 
until the washings were colourless. The product was then dried under vacuum 
to yield a brown solid.  
 
For L7, yield: 0.39 g (25%). 
1
H NMR (500 MHz, 
(CD3)2SO):  (ppm) 8.83 (s, 1H), 8.56 (s, 1H), 
8.40 (s, 1H), 8.31 (s, 1H, triazole), 7.82 (s, 1H), 
7.53 – 7.35 (m, 7H), 5.78 (s, 2H, CH2), 5.38 (s, 2H, CH2).
 13
C NMR (125.77 
MHz, (CD3)2SO):  (ppm) 155.4, 154.3, 149.9, 149.5, 143.2, 140.2, 137.8, 
136.3, 127.2, 126.1, 123.8, 122.8, 122.4, 120.5, 110.6, 62.3, 54.9. Anal. Calcd 
for C18H15N5O (317.35): C, 68.13; H, 4.76; N, 22.07. Found: C, 68.28; H, 4.45; 
N, 21.61%. ESI-MS (in CH2Cl2, m/z(%)): [2M+Na]
+
 = 657 (100).  
 
For  L8, yield: 0.45 g (28%). 1H NMR (500 MHz, 
(CD3)2SO):  (ppm) 8.82 (s, 1H), 8.35 (s, 1H, 
triazole), 8.31 (d, 1H), 7.52 (m, 3 H), 7.37 (m, 6H), 
5.64 (s, 2H, CH2), 5.35 (s, 2H, CH2). 
13
C NMR (125.77 MHz, (CD3)2SO):  
(ppm)154.3, 149.5, 143.4, 140.2, 136.5, 136.3, 129.3, 128.6, 128.5, 127.2, 
125.4, 122.4, 120.6, 110.6, 62.4, 53.3. Anal. Calcd for C19H16N4O (316.36): C, 
72.13; H, 5.10; N, 17.71. Found: C, 72.29; H, 4.64; N, 17.46%. ESI-MS (in 
CH2Cl2, m/z(%)): [M+Na]
+ 
= 339 (15), [2M+Na]
+





quinoline)-1H-1,2,3-triazole, L10, and 1-pyrenylmethyl-4-(8-(methoxyl)-
quinoline)-1H-1,2,3-triazole, L11.  
8-propargyloxyquinoline
 
(0.90 g, 5.0 mmol), 1-
(chloromethyl)naphthalene (0.88 g, 5.0 mmol) or 9-(chloromethyl)anthracene 
(1.15 g, 5.0 mmol) or 1-(bromomethyl)pyrene (1.48 g, 5.0 mmol), Na2CO3 
(0.55 g, 5.0 mmol), sodium ascorbate (0.16 g, 0.4 mmol), CuSO45H2O (0.10 g, 
0.040 mmol), NaN3 (0.33 g, 5.0 mmol) in DMSO (50 mL) were stirred at r.t. 
for 24 h. H2O (50 mL) was then added to quench the reaction and to 
precipitate out the product. The mixture was then filtered, washed with H2O, 
diethyl ether and hexane, before drying under vacuum to yield a brown 
powder.  
 
For L9, yield: 1.28 g (70%). 
1
H NMR (500 
MHz, (CD3)2SO):  (ppm) 8.32 (s, 2H), 
8.23(d, 1H), 8.00 (d, 2H), 7.55 (m, 8H), 7.38 
(m, 1H), 6.14 (s, 2H, CH2), 5.34 (s, 2H, CH2). 
13
C NMR (125.77 MHz, 
(CD3)2SO):  (ppm) 136.2, 133.9, 132.0, 131.1, 129.6, 129.2, 127.8, 127.3, 
127.2, 126.7, 126.0, 125.6, 123.8, 120.7, 110.7, 62.4, 51.2. Anal. Calcd for 
C23H18N4O•0.25H2O•0.25DMSO (390.45): C, 72.29; H, 5.16; N, 14.35. Found: 









For L10, yield: 1.51 g (71%). 
1
H NMR (500 MHz, 
(CD3)2SO):  (ppm) 8.74 (s, 2H), 8.62 (d, 2H), 
8.26 (d, 1H), 8.17 (s, 1H, triazole), 8.15 (d, 2H), 
7.66 (t, 2H), 7.59 (t, 2H), 7.48 (m, 3H), 7.30 (d, 1H), 6.69 (s, 2H, CH2), 5.23 (s, 
2H, CH2).
 13
C NMR (125.77 MHz, (CD3)2SO):  (ppm) 153.8, 148.9, 142.6, 
139.7, 135.7, 134.5, 131.1, 130.3, 129.1, 127.1, 126,7, 125.7, 125.3, 124.6, 
124.0, 121.8, 120.1, 110.0, 61.7, 45.5, 42.1, 40.4. Anal. Calcd for 
C27H20N4O•0.5DMSO (455.54): C, 73.82; H, 5.09; N, 12.3. Found: C, 73.45; 
H, 4.75; N, 11.84%. ESI-MS (in CHCl3, m/z(%)): [M+Na]
+ 
= 439 (50), 
[2M+Na]
+
 = 855 (100).   
 
For L11, yield: 1.28 g, (58%). 
1
H NMR 
(500 MHz, (CD3)2SO):  (ppm) 8.76  (s, 
Br, 1H), 8.57 (d, 1H), 8.36 – 8.05 (m, 
11H), 7.49 (m, 3H), 7.36 (m, 1H), 6.42 (s, 2H, CH2), 5.31 (s, 2H, CH2). 
 13
C 
NMR (125.77 MHz, (CD3)2SO):  (ppm) 136.2, 131.6, 131.2, 130.7, 129.4, 
129.0, 128.0, 128.5, 128.3, 128.2, 127.8, 127.2, 127.0, 126.2, 126.1, 126.1, 
125.6, 124.5, 124.2, 123.3, 62.4, 52.1, 51.3. Anal. Calcd for 
C29H20N4O•0.25DMSO (60.03): C, 77.02; H, 4.71; N, 12.18. Found: C, 76.52; 
H, 4.40; N, 12.17%. ESI-MS (in CHCl3, m/z(%)): [M+Na]
+ 
= 463 (20), 
[2M+Na]
+






Synthesis of complex 
[Zn(L7)(CH3OH)(H2O)2][ClO4]2.1.5(CH3OH).x(H2O)] 
L7 (0.020 g, 0.063 mmol) and Zn(ClO4)2.6H2O (0.020 g, 0.054 mmol) 
was dissolved in methanol (1.5 mL) in a culture tube and stirred for 10 
minutes. Diethyl ether (50 mL) was then allowed to diffuse into the tube in a 
closed blue cap bottle, allowing the formation of the crystals of complex 
[Zn(L7)(CH3OH)(H2O)2][ClO4]2.1.5(CH3OH).x(H2O) after one week. 
 
5.1.2. Complexes synthesized in Chapter 3 
Synthesis of Pd [N,N,N] Complexes  [Pd(L1)Cl] (1), [Pd(L2)Cl] (2), 
[Pd(L3)Cl] (3), [Pd(L4)Cl] (4), [Pd(L5)Cl] (5) and [Pd2(L6)Cl2] (6) 
PdCl2(MeCN)2 (0.13 g, 0.5 mmol), L1-6 (0.5 mmol) and triethylamine 
(0.5 mL) in MeCN (20 mL) was stirred for 24 h at r.t. The product which 
precipitated out was filtered and washed with EtOH, MeCN, H2O and diethyl 
ether before drying under vacuum, giving a reddish-brown precipitate. 
Diffusion of hexane to its CH2Cl2 solution at r.t. afforded single crystals for 1’ 
and 3’ after two days.  
 
For 1, yield: 0.16 g (70%). 
1
H NMR (500 
MHz, (CD3)2SO):  (ppm) 8.57 (dd, 2H), 8.47 
(s, 1H, triazole), 8.38 (d, 1H), 7.89 (t, 1H), 
7.55 (t, 1H), 7.48 (d, 1H), 7.41 (dd, 1H), 7.32 (t, 1H), 6.81 (d, 1H), 6.46 (d, 
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1H), 5.87 (s, 2H, CH2), 4.41 (s, 2H, CH2). 
13
C NMR (125.77 MHz, (CD3)2SO): 
 (ppm) 156.5, 154.9, 154.3, 150.0, 147.5, 146.1, 139.4, 138.0, 131.5, 130.4, 
124.1, 123.4, 123.0, 122.3, 109.8, 105.7, 56.2, 47.8. Anal. Calcd for 
C18H15N6ClPd•CH2Cl2  (542.16): C, 42.09; H, 3.16; N, 15.5%. Found: C, 
42.31; H, 3.20; N, 15.91%. ESI-MS (in CH2Cl2, m/z(%)): [M]
+
 = 455 (100).  
 
For 2, yield: 0.16 g (71%). 
1
H NMR (500 
MHz, (CD3)2SO):  (ppm) 8.57 (dd, 2H), 
8.44 (s, 1H, triazole), 8.36 (d, 1H), 7.52 (dd, 
1H), 7.44 – 7.36 (m, 5H), 7.29 (t, 1H), 6.79 
(d, 1H), 6.43 (d, 1H), 5.73 (s, 2H, CH2), 4.37 (s, 2H, CH2). 
13
C NMR (125.77 
MHz, (CD3)2SO):  (ppm) 156.0, 154.7, 147.0, 145.6,138.9, 134.8, 131.0, 
129.9, 128.9, 128.6, 128.2, 122.0, 121.8, 109.3, 105.2, 54.5, 47.3. Anal. Calcd 
for C19H16N5ClPd•0.5H2O (465.24): C, 49.05; H, 3.68; N, 15.05%. Found: C, 
48.81; H, 3.52; N, 15.04%. ESI-MS (in CH2Cl2, m/z(%)): [M]
+
 = 454 (100).  
 
For 3, yield: 0.23 g (92%). 
1
H NMR (500 
MHz, (CD3)2SO):  (ppm) 8.59 (d, 1H), 
8.37 – 8.39 (m, 2H, triazole), 8.15 (d, 1H), 
8.01 (m, 2H), 7.64 – 7.31 (m, 5H), 7.30 (t, 1H), 6.80 (d, 1H), 6.43 (d, 1H), 
6.24 (s, 2H, CH2), 4.35 (s, 2H, CH2). Unable to obtain 
13
C NMR spectrum due 
to poor solubility. Anal. Calcd for C23H18N5ClPd•H2O (524.31): C, 52.69; H, 
3.84; N, 13.36%. Found: C, 52.37; H, 3.53; N, 13.23% ESI-MS (in CH2Cl2, 
m/z(%)): [M]
+
 = 502 (100).  
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For 4, yield: 0.23 g (82%). 
1
H NMR (500 
MHz, (CD3)2SO):  (ppm) 8.82 (s, 1H), 
8.57 – 8.52 (m, 3H), 8.35 (d, 1H), 8.20 (d, 
2H), 8.08 (s, 1H, triazole), 7.65 (dt, 5H), 7.52 (m, 1H), 6.78 (m, 3H, CH2), 
6.36 (d, 1H), 4.24 (s, 2H,CH2). 
13
C NMR (125.77 MHz, (CD3)2SO):  (ppm) 
156.4, 155.0, 147.5, 146.0, 139.4, 131.5,  131.1, 130.3, 129.7, 128.0, 126.0, 
124.2, 122.2, 109.7, 105.6, 48.0, 47.7. Anal. Calcd for C27H20N5ClPd (556.35): 
C, 58.29; H, 3.62; N, 12.59%. Found: C, 58.71; H, 3.78; N, 11.34%. ESI-MS 
(in CH2Cl2, m/z(%)): [M]
+
 = 554 (100).  
 
For 5, yield: 0.24 g (90%). 
1
H NMR (500 
MHz, (CD3)2SO):  (ppm) 8.60 (d, 1H), 8.40 
– 8.38 (m, 3H, triazole), 7.55 (m, 1H), 7.32 
(t, 1H), 6.81 (d, 1H), 6.47 (d, 1H), 4.46 (t, 2H, CH2), 4.38 (s, 1H, CH2), 1.85 (t, 
2H), 1.24 (m, br, 20H), 0.83 (t, 3H, CH3). Unable to obtain 
13
C NMR 
spectrum due to poor solubility. Anal. Calcd for C24H18N5ClPd (534.43): C, 
53.94; H, 6.41; N, 13.10%. Found: C, 53.77; H, 5.75; N, 13.08%. ESI-MS (in 
CH2Cl2, m/z(%)): [M]
+
 =  532(100).  
 
For 6, yield: 0.32g (71%). 
1
H 
NMR (500 MHz, (CD3)2SO): 
 (ppm) 8.59 (d, 1H), 8.38 (m, 
2H, triazole), 7.54 (m, 1H), 7.31 (t, 1H), 6.81 (d, 1H), 6.46 (d, 1H), 4.44 (d, 




C NMR spectra due to poor solubility. Anal. Calcd for 
C36H42N10Pd2Cl2•CH2Cl2 (983.46): C, 45.19; H, 4.51; N, 14.42%. Found: C, 
44.81; H, 4.18; N, 14.43%. ESI-MS (in CH2Cl2, m/z(%)): [M-Cl]
+
 = 863 (100).  
 
Catalytic studies of Suzuki-Miyaura coupling reaction  
Pd(II) complexes 1-6 (1.5 mol% loading), aryl-halide (0.5 mmol), 
phenylboronic acid (0.073 g, 0.6 mmol), base (1.2 mmol) were introduced in a 
25 mL Schlenk flask and heated at 50 °C. Dodecane (0.085 g) was added as an 
internal standard. Solvent (3 mL) was then injected into the flask. The reaction 
mixture was stirred for 1 h. The resultant mixture was diluted with CH2Cl2 (5 
mL). 0.1 mL of the organic extracts was diluted to 1 mL and dried over 
anhydrous MgSO4 before GC-FID analysis. The yields of all products were 
calculated from calibration curves recorded prior to the reaction.  
 
Synthesis of Co(II) [N,O,N] complexes [CoCl2(L7)] (7), [CoCl2(L8)] (8), 
[CoCl2(L9)] (9), [CoCl2(L10)] (10) and [CoCl2(L11)] (11).  
An EtOH solution (3 mL) of CoCl2.6H2O (0.5 mmol, 0.11 g) was 
added to a CHCl3 solution (8 mL) of ligand L7‒11, respectively (0.5 mmol). 
The mixture was stirred at r.t. in air overnight. The suspension was filtered 
under suction and washed with EtOH, CHCl3 and diethyl ether. The solid was 
collected and dried under vacuum. Diffusion of diethyl ether or CHCl3 to its 




For 7, yield: 0.26 g (92%). Anal. Calcd for 
C18H15Cl2CoN5O•H2O (465.20): C, 46.67; H, 
3.68; N, 15.05. Found: C, 46.60; H, 3.55; N, 
14.53%. IR (KBr)/cm
-1
: 3150m, 3058m, 2992w, 1624m, 1586m, 1508vs, 
1472m, 1443m, 1317s, 1294w, 1267s, 1239m, 1180w, 1133w, 1113s, 1081s, 
1042w, 990m, 888w, 831m, 785m, 757m, 707w, 660w, 594w.  
 
For 8, yield: 0.15 g (54%). Anal. Calcd for 
C19H16Cl2CoN4O•1.5H2O (473.22): C, 48.22; 
H, 4.05; N, 11.84. Found: C, 48.03; H, 3.90; 
N, 11.54%. IR (KBr)/cm
-1
: 3144m, 3107w, 3057w, 3032w, 2982w, 2953w, 
1623m, 1585m, 1563w, 1509vs, 1473m, 1458m, 1383s, 1318s, 1268s, 1240m, 
1206w, 1182w, 1139m, 1115s, 1084s, 1044m, 993m, 829m, 814w, 786m, 
760m, 735s, 714s, 657w, 579w, 491w, 467w, 430w.  
 
For 9, yield: 0.15 g (65%). Anal. Calcd for 
C23H18Cl2CoN4O•H2O (514.27): C, 53.72; H, 
3.92; N, 10.89. Found: C, 53.20; H, 3.58; N, 
10.86%. IR (KBr)/cm
-1
: 3110w, 3071w, 
2962w, 2931w, 1987w, 1961w, 1924w, 1691m, 1621s, 1585vs, 1509vs, 1470s, 
1429m, 1382s, 1321s, 1267s, 1243s, 1214m, 1170m, 1143s, 1108s, 1082s, 
1042s, 984vs, 966s, 851vs, 828s, 788s, 755s, 707m, 663m, 640m, 579m, 548w, 
530s, 490m, 463w, 428w, 405m. . ESI-MS (in DMF/MeOH, m/z(%)): 
[2L9+Na]
+





For 10, yield: 0.25 g (75%). Anal. Calcd for 
C27H20Cl2CoN4O•1.5H2O  (573.34): C, 56.56; H, 
4.04; N, 9.77. Found: C, 56.43; H, 3.77; N, 
9.41%. IR (KBr)/cm
-1
: 3123w, 3078m, 3052w, 
3020w, 1957w, 1935w, 1920w, 1802w, 1624s, 1585s, 1508vs, 1471s, 1450s, 
1382, 1181m, 1151m, 1108vs, 1087vs, 1042m, 987s, 953m, 890s, 845m, 
826vs, 799m, 784s, 754s, 730s, 699m, 661w, 602m, 576w, 545w, 519m, 502w, 
466w, 438w.  
 
For 11, yield: 0.22 g (76%). Anal. 
Calcd for C29H20CoCl2N4O•1.5H2O  
(597.36): C, 58.31; H, 3.88; N, 9.38. 
Found: C, 58.29; H, 3.90; N, 6.56%. IR (KBr)/cm
-1
: 3033br, 2113w, 1942w, 
1771w, 1651vs, 1507m, 1459m, 1381m, 1320m 1264w, 1243m, 1183m, 
1107m, 1083m, 1043m, 971w, 880w, 847vs, 757w, 709w, 618w. 
 
Catalytic studies of olefin epoxidation using IBA/O2 
A 10 mL flask was charged with olefin (0.72 mmol), Co(II) catalyst 7-
10 (0.036 mmol), CHCl3 (5 mL), isobutylaldehyde (0.131 mL, 0.72 mmol), 
biphenyl as internal standard (0.0555 g, 0.36 mmol) and then the mixture was 
stirred at  r.t. for 48 h with oxygen in a balloon. 0.1 mL of the reaction mixture 
was extracted and diluted with CHCl3 (1 mL), treated with MnO2 and MgSO4 
before injecting into a GC column. The conversions and yields were 
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determined by GC-FID and calculated from calibration curves (r
2
 = 0.99) 
recorded prior to reaction course.  
 
Synthesis of complexes [ZnCl2(L7)] (12), [ZnCl2 (L8)] (13), [ZnCl2(L9)] 
(14), [ZnCl2(L10)] (15) and [ZnCl2(L11)] (16) 
An EtOH solution (3 mL) of ZnCl2 (0.5 mmol, 0.11 g) was added to a 
CHCl3 solution (8 mL) of ligand L7‒L11, respectively (0.5 mmol). The 
mixture was stirred at r.t. in air overnight. The suspension was filtered under 
suction and washed with EtOH, CHCl3 and diethyl ether. The solid was 
collected and dried under vacuum. Diffusion of diethyl ether or CHCl3 to its 
DMF solution at r.t. afforded single crystals for 12, 13, 15 after two days.  
 
For 12, yield: 0.052 g (23%). 
1
H NMR (500 
MHz, (CD3)2SO): δ (ppm) 8.83 (s, 1H), 8.56 (s, 
2H), 8.38 (s, 1H, triazole), 8.32 (d, J = 8.0 Hz, 
1H), 7.88 – 7.80 (m, 1H), 7.53 (s, 2H), 7.36 (dd, J = 28.8, 19.1 Hz, 2H), 5.76 
(s, 2H, CH2), 5.37 (s, 2H, CH2). 
13
C NMR (125.77 MHz, (CD3)2SO): δ (ppm) 
154.9, 153.8, 149.5, 149.0, 142.7, 139.7, 137.4, 135.9, 126.8, 125.7, 123.3, 
122.3, 121.9, 120.1, 110.1, 61.9, 54.4. Anal. Calcd for 
C18H15Cl2ZnN5O•0.5H2O (462.65): C, 46.73; H, 3.49; N, 15.14. Found: C, 
47.22; H, 4.00; N, 14.46%. IR (KBr)/cm
-1
: 3148m, 3069m, 1646s, 1594s, 
1509s, 1473m, 1384m, 1321m, 1269m, 1184w, 1141m, 1109m,1084m, 1049m, 
998m, 935w, 894w, 830vs, 789m, 760vs, 596w, 490w, 465w, 420w. 
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For 13, yield: 0.10 g (44%). 
1
H NMR (500 MHz, 
(CD3)2SO): δ (ppm) 8.83 (s, 1H), 8.35 (s, 1H, 
triazole), 8.32 (d, J = 8.1 Hz, 1H), 7.59 – 7.47 
(m, 3H), 7.37 (dt, J = 17.0, 5.7 Hz, 6H), 5.64 (s, 2H, CH2), 5.36 (s, 2H, CH2). 
13
C NMR (125.77 MHz, (CD3)2SO): δ (ppm) 153.7, 149.0, 142.9, 139.6, 136.0, 
136.0, 129.1, 128.8, 128.2, 128.0, 126.8, 124.9, 121.9, 120.1, 110.3, 61.9, 52.9. 
Anal. Calcd for C19H16Cl2ZnN4O•0.5H2O (461.66): C, 49.43; H, 3.71; N, 
12.14. Found: C, 49.30; H, 3.89; N, 11.91%. IR (KBr)/cm
-1
: 3139m, 3101m, 
3056m, 3027m, 2982m, 2952m, 1621m, 1587m, 1561m, 1511s, 1474m, 
1458m, 1383m, 1319m, 1270m, 1212w, 1183w, 1140m, 1117s, 1084s, 1045m, 
998m, 918w, 889w, 829vs, 786s, 760s, 735s, 715s, 658m, 580w, 550w, 512w, 
489m 464m, 428w. 
 
For 14, yield: 0.21 g (84%). 
1
H NMR (500 
MHz, (CD3)2SO): δ (ppm) 8.35 (t, J = 67.9 
Hz, 1H), 7.96 (s, 1H), 7.81 – 7.26 (m, 2H), 





C NMR (125.77 MHz, (CD3)2SO): δ (ppm) 135.7, 
133.4, 131.4, 130.7, 129.1, 128.7, 127.4, 126.8, 126.2, 125.6, 123.3, 120.5, 
110.2, 62.0, 50.9. Anal. Calcd for C23H18Cl2ZnN4O•H2O (520.73): C, 53.05; H, 
3.87; N, 10.76. Found: C, 52.64; H, 3.90; N, 10.52%. IR (KBr)/cm
-1
: 3112m, 
3071s, 2964m, 2932m, 1961w, 1926w, 1855w, 1750w, 1621m, 1599m, 1510s, 
1472m, 1430m, 1393m, 1314s, 1270s, 1245s, 1215m, 1172m, 1145m, 1111s, 
1082s, 1044m, 990s, 967m, 884s, 851s, 829vs, 789vs, 757vs, 732s, 707m, 
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663m, 597w, 579w, 530m, 4898m, 462w, 427w, 405w. ESI-MS (in 
DMF/MeOH, m/z(%)): [2L9+Na]
+
 =  755(100), [M+L9-Cl]
+ 
= 833(35). 
For 15, yield: 0.20 g (71%). 
1
H NMR (500 
MHz, (CD3)2SO): δ (ppm) 8.74 (s, 1H), 
8.62 (d, J = 8.8 Hz, 2H), 8.31 (s, 2H), 8.16 
(d, J = 8.2 Hz, 3H), 7.70 – 7.62 (m, 2H), 
7.61 – 7.51 (m, 3H), 7.45 (t, J = 7.7 Hz, 1H), 7.33 (d, J = 6.4 Hz, 1H), 6.69 (s, 
2H, CH2), 5.25 (s, 2H, CH2). 
13
C NMR (125.77 MHz, (CD3)2SO): δ (ppm) 
131.0, 130.3, 129.1, 127.2, 126.7, 125.7, 125.4, 124.0, 120.2, 110.1, 79.2, 61.8, 
45.6 Anal. Calcd for C27H20Cl2ZnN4O•H2O (570.78): C, 56.81; H, 3.88; N, 
9.82. Found: C, 56.64; H, 4.09; N, 9.52. IR (KBr)/cm
-1
: 3159m, 3056m, 
3005m, 2003w, 1969w, 1794w, 1624s, 1587m, 1509s, 1473m, 1435m, 1384m, 
1323s, 1272s, 1242m, 1215m, 1190m, 1160m, 1130vs, 1077vs, 1043w, 
1004m, 976w, 957w, 894vs, 867w, 849m, 831vs, 791s, 761vs, 740vs, 664w, 
625m, 602w, 580w, 526m, 510m, 487w, 440w, 418w.  
 
For 16, yield: 0.20 g (68%). NMR analysis 
was not carried out due to poor solubility 
of 5. Anal. Calcd for C29H20Zn2ClN4O 
(576.79): C, 57.41; H, 3.32; N, 9.23. Found: C, 66.51; H, 4.20; N, 5.27%. IR 
(KBr)/cm
-1
: 3036br, 2120w, 1918w, 1603s, 1499m, 1464m, 1378, 1320m, 




Synthesis of complexes [CuBr2(L7)] (17), [CuBr2(L8)] (18), [CuBr2(L9)] 
(19), [CuBr2(L10)] (20) and [CuBr2(L11)] (21).  
An EtOH solution (3 mL) of CuBr2 (0.5 mmol, 0.11 g) was added to a 
CHCl3 solution (8 mL) of ligand L7‒L11, respectively (0.5 mmol). The 
mixture was stirred at r.t. in air overnight. The suspension was filtered under 
suction and washed with EtOH, CHCl3 and diethyl ether. The solid was 
collected and dried under vacuum. Diffusion of diethyl ether or CHCl3 to its 
DMF solution at r.t. afforded single crystals after two days.  
 
For 17, yield: 0.25 g (92%). Anal. Calcd for 
C18H15Br2CuN5O (540.70): C, 39.98; H, 2.80; 
N, 12.95. Found: C, 39.75; H, 2.98; N, 
11.90%. IR (KBr)/cm
-1
: 3142m, 3107m, 3063m, 2980m, 1987w, 1945w, 
1908w, 1869w, 1786w, 1729w, 1623m, 1591s, 1571s, 1508vs, 1473s, 1461s, 
1435m, 1382m, 1358w, 1322s, 1293w, 1269s, 1213w, 1185m, 1139s, 1119s, 
1087s, 1042m, 986m, 996m, 831vs, 782m, 748s, 708m, 683w, 664m, 624w, 
590w, 577w, 554w, 519w, 493w, 463w, 444w. ESI-MS (in DMF/MeOH, 
m/z(%)): [2L7+Na]
+




For 18, Yield: 0.24 g (88%). Anal. Calcd for 
C19H16Br2CuN4O (539.72): C, 42.28; H, 2.99; 
N, 10.38. Found: C, 42.44; H, 3.06; N, 9.97%. 
IR (KBr)/cm
-1
: 3146m, 3111m, 3061m, 2980m, 2945w, 2440w, 1987w, 
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1946w, 1622m, 1590m, 1573m, 1507vs,  1472m, 1457m, 1381m, 1321s, 
1266s, 1251m, 1212w, 1183m, 1138s, 1119s, 1086vs, 1040m, 986m, 995w, 
831s, 809m, 779m, 754vs, 734m, 711s, 695m, 662m, 627w, 576w, 552w, 
491w, 460w, 437w. ESI-MS (in DMF/MeOH, m/z(%)): [2L8+Na]
+







For 19, yield: 0.28 g (95%). Anal. Calcd for 
C23H18Br2CuN4O•0.5CHCl3  (649.46): C, 43.46; 
H, 2.87; N, 8.63. Found: C, 43.06; H, 3.20; N, 
8.54%. IR (KBr)/cm
-1
: 3149m, 3109m, 3049m, 
2962m, 2364w, 1943w, 1624m, 1590m, 1507vs, 1472m, 1458m, 1432w, 
1382m, 1323m, 1266m, 1210w, 1184w, 1140w, 1121m, 1087m, 897w, 863w, 







For 20, yield: 0.29 g (88%). Anal. Calcd for 
C27H20Br2CuN4O•CH2Cl2•0.5H2O    (733.77): 
C, 45.83; H, 3.27; N, 7.57. Found: C, 45.06; 
H, 3.27; N, 7.57%. IR (KBr)/cm
-1
: 3512br, 
3450br, 3148m, 3105m, 3050m, 2971m, 23675w, 1954w, 1793w, 1624m, 
1591m, 1507vs, 1471m, 1350m, 1382m,  1323m, 1263s, 1214w, 1182w, 
1149w, 1121s, 1089m, 1038m, 997m, 951w, 998s, 827s, 806w, 759m, 728s, 









For 21, yield: 0.30 g (84%). Anal. Calcd for 
C29H20Br2CuN4O•0.75CH2Cl2•0.5H2O   
(736.56): C, 48.51; H, 3.08; N, 7.61. Found: C, 
48.35; H, 2.97; N, 7.57%. IR (KBr)/cm
-1
: 
3517m, 3460m, 3424m, 3372m, 3327m, 3035m, 2361w, 2345w, 2089w, 
1801w, 1662s, 1624s, 1604s, 1526w, 1507w, 1452m, 1419w, 1375m, 1319w, 
1261m, 1244m, 1181m, 1108m, 1088m, 1048w, 980m, 887w, 842vs, 754m, 




General procedures for oxidation of alcohol. In a 10 mL round bottomed 
flask, alcohol (1.0 mmol), TEMPO (0.01 mmol, 0.016 g), Na2CO3 (0.01 mmol, 
0.001 g), internal standard dodecane (114 μL, 0.5 mmol) and complexes 17‒
21 were added to pure H2O (1 mL) with an attached condenser. The reaction 
mixture was stirred at 100 °C.  The mixture was extracted with CHCl3 (1 mL). 
0.1 mL organic extract was diluted with CHCl3 (1 mL), treated with MgSO4 
before injecting into a GC column. The conversions and yields were 
determined by GC-FID and calculated from calibration curves (r
2
 = 0.99) 
recorded prior to reaction course. 
 
General procedures for AAC reactions. The catalytic reactions were 
conducted by MultiMAX reactors at 800 rpm. In a reaction tube fitted with a 
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screw cap, an organic halide (chloride or bromide), NaN3, phenylacetylene 
and complexes 17‒21 were added to a solvent of MeOH/H2O (v/v 1 : 1, 1.2 
mL) or pure H2O (1.2 mL). The reaction mixture was stirred at 30 or 50 °C. 
The mixture was extracted with ethyl acetate (3 mL) and filtered. The 
conversions and yields were determined by GC-MS and calculated from 
calibration curves (r
2
 = 0.99) recorded prior to reaction course. 
 
X-ray crystallography 
All measurements were conducted on a Bruker AXS SMART APEX 
diffractometer equipped with a CCD area-detector using Mo-Kα radiation (λ = 
0.71073 Å). Collecting the frames of data, indexing reflections and 
determination of lattice parameters and polarization effects were performed 
with the SMART suite of programs.
293
 The integration of intensity of 
reflections and scaling was carried out by SAINT. The empirical absorption 
correction was performed by SADABS.
294
 The space group determination, 
structure solution and least squares refinements on |F|
2
 were carried out with 
the SHELXS-97 and SHELXL-97.
295
 The structures were solved by direct 
methods to locate the heavy atoms, followed by difference maps for the light 
non-hydrogen atoms. Anisotropic thermal parameters were refined for the rest 
of the non-hydrogen atoms. Hydrogen atoms were placed geometrically and 




The crystal data and refinement parameters are as shown in Table 5.1 
to 5.3. No disorder, occupancy and refinement issues were experienced except 
for [Zn(L7)(CH3OH)(H2O)2][ClO4]2.1.5(CH3OH).x(H2O), and Cu(II) 
complexes 17-18, 20-21. For 
[Zn(L7)(CH3OH)(H2O)2][ClO4]2.1.5(CH3OH).x(H2O), the solvents in the 
residual voids consisted of many weak peaks, suggesting disordered solvents 
or loss of solvents.  A number of CH3OH and H2O molecules were assigned as 
solvents. The asymmetric unit contains cation C19H23N5O6Zn, two ClO4
-
 
anions, 1.5 methanol and some disordered H2O molecules. For 17, half a 
diethyl ether was present in the asymmetric unit which was disordered into 
two positions with the occupancy ratio 50:50. For 18, half an EtOH and two 
quarterly occupied H2O was present in the asymmetric unit. The EtOH 
molecule was partially replaced by two quarterly occupied H2O. The EtOH 
and H2O molecules were disordered into two positions with the occupancy 
ratio=50:50. H atoms of the water molecules cannot be located. For 20, one 
CH2Cl2 molecule was present in the asymmetric unit, which is disordered into 
two parts, resulting in displacement of the quinoline group as well as the Br 
atom.  Final refinement resulted in occupancy ratio of 62:38 for the two parts.  
Restraints in bond lengths and thermal parameters were applied to the 
disordered atoms. For 21, half a CH2Cl2 and one quarter of H2O was present in 
the asymmetric unit. The CH2Cl2 and H2O molecules are disordered into two 
positions with the occupancy ratio=50:50. H atoms of the water molecules 





Table 5.1. Crystallographic data and refinement parameters for 











Mw 721.76 471.19 520.26 447.18 





0.160 x 0.260 x 
0.360 
0.120 x 0.160 x 
0.460 
0.103 x 0.091 x 
0.028 




Triclinic Orthorhombic Monoclinic Monoclinic 
Space 
group 
P -1 Pbca P2(1)/n P2(1)/c 
a/Å 10.7162(17) 16.766(2) 14.9270(8) 7.9279(12) 
b/Å 12.1241(19) 15.0520(18) 9.0351(5) 21.755(3) 
c/Å 13.315(2)  26.995(3) 15.3365(7)  10.9139(16) 
α/° 75.493(4) 90 90 90 
β/° 78.502(3)° 90 103.791(2) 105.198(4) 
γ/° 68.430(4)° 90 90 90 
V/ Å
3
 1546.4(4) 6812.5(14) 2008.76(18) 1816.5(5) 
Z 2 16 4 4 
Dcalc/g cm
-3
 1.550 1.838 1.720 1.635 
μ/mm-1 1.042 1.269 1.084 1.258 
θ range/° 2.06–27.50 1.97–27.50  2.26–27.50 2.66–27.50 
Reflections 
collected 




7096 [0.0346] 7822 [0.0874] 4685 [0.0465] 4136 [0.0323] 
Parameters 451 487 280 244 
GOF 1.081 1.052 1.032 1.059 
R1(I > 
2σ(I)) 
0.0520 0.0540 0.0331 0.0308 
wR2(all 
data) 

















Table 5.2. Crystallographic data and refinement parameters for 8, 12, 13 and 
15. 









Mw 446.19 453.62 452.63 625.84 





0.36 x 0.14 x 
0.10 
0.20 x 0.14 x 
0.08 
0.30 x 0.24 x 
0.10 




Monoclinic Monoclinic Monoclinic Triclinic 
Space group P2(1)/c P2(1)/c P2(1)/c P-1 
a/Å 8.0333(13) 7.8696(7) 7.9696(11) 8.713(8) 
b/Å 22.085(4) 21.8190(17) 22.201(3) 12.280(11) 
c/Å 10.7837(18) 10.9347(9) 10.7434(15) 14.680(13) 
α/° 90 90 90 68.68(2) 
β/° 104.459(4) 104.650(2) 103.622(3) 89.48(2) 
γ/° 90 90 90 73.08(2) 
V/ Å
3
 1852.6(5) 104.650(2) 1847.4(5) 1392(2) 
Z 4 4 4 2 
Dcalc/g cm
-3
 1.600 1.659 1.627 1.494 
μ/mm-1 1.232 1.665 1.636 1.112 
θ range/° 1.84–27.50 2.14–27.50  2.16–27.49 1.91–24.99 
Reflections 
collected 




4247 [0.0392] 4172 [0.0692] 4243 [0.0528] 4880 [0.0290] 
Parameters 244 244 244 363 
GOF 0.960 1.050 1.036 1.071 
R1(I > 2σ(I)) 0.0348 0.0559 0.0435 0.0401 











Table 5.3. Crystallographic data and refinement parameters for 17-21. 











Mw 577.77 570.25 662.87 724.76 704.40 





0.53 x 0.12 x 
0.12 
0.56 x 0.36 
x 0.20 
0.46 x 0.26 x 
0.14 
0.24 x 0.10 
x 0.08 




Monoclinic Monoclinic Orthorhombic Monoclinic Monoclinic 
Space group P2(1)/c P2(1)/c Pbca P2(1)/c P2(1)/c 
a/Å 14.7355(8) 14.483(3) 11.6709(6) 18.304(2) 18.558(2) 
b/Å 12.4376(7) 12.498(2) 17.2740(9) 13.4722(16) 13.5892(16) 
c/Å 12.7772(7) 13.217(2) 25.2311(12) 11.1637(13) 11.2026(13) 
α/° 90 90 90 90 90 
β/° 112.1480(10) 113.345(4) 90 104.218(3) 105.849(3) 
γ/° 90 90 90 90 90 
V/ Å
3
 2168.9(2) 2196.5(7) 5086.7(4) 2668.6(5) 2717.7(5) 
Z 4 4 8 4 4 
Dcalc/g cm
-3
 1.769 1.724 1.731 1.804 1.722 
μ/mm-1 4.716 4.656 4.035 4.044 3.781 
θ range/° 1.49–27.49 2.24–27.50  2.26–27.50 2.30–27.50 2.28–27.50 
Reflections 
collected 












Parameters 291 288 327 362 384 
GOF 1.077 1.059 1.074 1.038 1.008 
R1(I > 2σ(I)) 0.0411 0.0334 0.0521 0.0510 0.0445 











5.2. Experimental for Chapter 4 
 
General Procedures 
All experiments were carried out under Schlenk conditions. All 
chemicals were used as received. UV-visible spectra were measured on a 
JASCO V-550-DS spectrometer in a transmission mode for liquid samples and 
Diffuse-reﬂectance (DR) UV-visible spectra for supported Ru catalysts were 
also recorded on the same apparatus with an integrated sphere. The FT-IR 
spectra of (A), (B), and (C) were recorded on an FT-IR spectrometer in a 
transmission mode (4 cm
-1
 resolution, FT/IR-6100, JASCO). X-ray 
ﬂuorescence (XRF) analysis of the supported Ru complexes was accomplished 
with a JEOL JSX-3400R spectrometer. The loading of Ru on the solid samples 
was estimated using standard curves of Ru Kα and Si Kα. XRD patterns were 
recorded at a scan rate of 2 ° min
-1
 using a Rigaku MultiFlex X-ray 
diffractometer (Cu Kα, λ = 1.5418 Å, 40 kV, 40 mA). BET analysis via 
nitrogen adsorption was performed on a Micromeritics ASAP-2020 analyzer 
(Shimadzu) at -196 °C. Elemental analysis and thermogravimetric analysis 
(TGA) were carried out using Microorganic Element Analyzer CHN Corder 
MT-6, Yanako) and TGA (TGA2950, TA Instruments). Transmission electron 
microscopy (TEM) and energy-dispersive X-ray spectrometry (EDS): TEM 
images of (D) and (E) were taken on a JEM-3200FS transmission electron 
microscope (JEOL) equipped EDS analyzer using an accelerating voltage of 
300 kV. X-ray photoelectron spectroscopy (XPS) spectra were recorded with 
an AXIS HSi instrument (Kratos Analytical) using an Mg Kα X-ray source 
with binding energies referenced to that of Si 2p as 103.4 eV. 
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Ru K-edge X-ray absorption fine structure (XAFS) spectra at the Ru 
K-edge were measured in transmission mode at the NW10A station of the 
Photon Factory at KEK-IMSS. The energy and current of electrons in the 
storage ring were 6.5 GeV and 60 mA, respectively. X-rays from the storage 
ring were monochromatized with a Si(311) double-crystal monochromator, 
and ionization chambers filled with pure Ar and Kr gases were used to 
monitor the incident and transmitted X-rays, respectively. All samples were 
measured at -253 °C under vacuum. Ru K-edge XAFS spectra were analyzed 
with the ATHENA and ARTEMIS using IFEFFIT (ver. 1.2.11).
296
 Threshold 
energy was tentatively set at the inflection point of the Ru K-edge, and 





XAFS (EXAFS) oscillations were Fourier transformed into R-space, and 
single-scattering curve-fitting analysis was performed in R-space. Fitting 
parameters of each shell were the coordination number (CN), interatomic 
distance (R), Debye–Waller factor (σ2: mean-square-displacement), and 
correction-of-edge energy (ΔE0). Phase shifts and backscattering amplitudes 
were calculated with the FEFF8 code
298
 using the crystal structures of Ru 




Preparation of (B) 
SiO2 (4.0 g, Aerosil 300; Degussa) was calcinated at 400 °C for 2 h. 
After cooling down under vacuum, degassed toluene (80 mL) was added. 4-
pyridylethyltriethoxysilane (Py-et-Si(OEt)3, 0.19 mL, 7.1 x 10
-4
 mol) in 
toluene (10 mL) was then added to the suspension. The mixture was refluxed 
for 24 h under N2. After cooling to r.t., the gel was collected by filtration and 
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washed with toluene under N2. This was followed by washing the gel using 
Sohxlet equipment with toluene for 16 to 20 h and with hexane for 4 to 8 h 
under N2. The gel was then dried under vacuum and yellowish white solid was 
obtained, which was denoted as (B).  
 
Preparation of (C) (The loading of Ru 3 wt%) 
Under N2, to a suspension of (B) (1 g, 0.33 Py/nm
2
) in degassed, 
dehydrated acetonitrile (MeCN) (4 mL) was added a solution of Ru3(µ3-
O)(CH3COO)6(H2O)3 (0.118 g, 1.5 x 10
-4
 mmol for 1:1 ratio of Ru3 to Py) in 
degassed, dehydrated MeCN/EtOH (3:1 v/v, 2 mL). The suspension was 
refluxed under N2 for 1 h. After cooling down to r.t., the gel was filtered and 
washed with MeCN under N2 till the filtrate became colourless. The gel was 
washed using Sohxlet equipment with MeCN at 80 °C for 6 h under N2. 
Finally, the gel was then dried under vacuum and blue solid was obtained, 
denoted as (C). The loading of Ru was determined by X-ray fluorescence 
Spectroscopy (XRF). 
 
Preparation of (D) 
(C) was placed in a glass flow cell which was then attached to a 
vacuum line. After evacuating the cell (ca. 10
-2
 Pa), it was heated to 550 °C in 
1 h and held at that temperature for 2 h. H2 (40 kPa) was then passed through 






Preparation of (E) 
(C) was heated at 550 °C under air and kept at 550 °C for 2 h. It was 
then treated with H2 (40 kPa) at 550 °C for 1 h. Gray solid was obtained, 
denoted as (E). 
 
Preparation of (F) 
(C) was heated at 550 °C under air and kept at 550 ̊ C for 2 h. Bluish 
black solid was obtained, denoted as (F). 
 
Catalytic Oxidation of Alcohols  
An alcohol (0.33 mol L
-1
) was dissolved in dry toluene and the solution 
was purged with O2 (1 atm) and was heated at 80 ̊ C for 5-10 min. The 
solution was then added to an oxide-supported catalyst (Ru3: 1.6 × 10
–6
 mol) 
or a homogeneous Ru3 complex (Ru3: 1.6 × 10
–6
 mol) in a Schlenk tube 
(which was in advance purged with O2 (101.3 kPa) and was pre-heated at 
80 °C for 2 min). The molar ratio of Ru3 to the alcohol and internal standard 
was kept at 1:100:50. The reaction mixture was stirred at 80 °C under O2, and 
the reaction was monitored by GC-FID (Shimadzu GC-14B, Chiraldex B-DM 
column) at appropriate intervals. The leaching of Ru into the reaction solution 
was measured by inductively coupled plasma (ICP) atomic emission 
spectroscopy (Seiko SPS 7800).  
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5.3. Supplementary Information for Chapter 2 
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Figure 5.6.  Fluorescent spectra of L7 in CHCl3 (3.3 μM) upon addition of 
Cd
2+
 (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 5, 10 equiv.), λex = 300 





















































































































Figure 5.7.  Fluorescent spectra of L8 in CHCl3 (3.3 μM) upon addition of 
Zn
2+
 (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 5, 10 equiv.), λex = 300 




Figure 5.8. Fluorescent spectra of L8 in CHCl3 (3.3 μM) upon addition of  
Cd
2+
 (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 5, 10 equiv.), λex = 300 




















































































































Figure 5.9.  Fluorescent spectra of L9 in CHCl3 (3.3 μM) upon addition of 
Cd
2+
 (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 5, 10 equiv.), λex = 300 





Figure 5.10.  Fluorescent spectra of L9 in CHCl3 (3.3 μM) upon addition of 
Zn
2+
 (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 5, 10 equiv.), λex = 300 
































































































































Figure 5.11. Job plot of L7 in CHCl3 for the determination of stoichiometric 
ratio between L7 and Zn
2+
. Fluorescence intensity at 418 nm was plotted 




]+[L7]) varying from 0.1 to 1.0. 
 
Figure 5.12. Job plot of L8 in CHCl3 for the determination of stoichiometric 
ratio between L8 and Cd
2+
. Fluorescence intensity at 418 nm was plotted 




]+[L8]) varying from 0.1 to 1.0. 





















































































Figure 5.13. Job plot of L8 in CHCl3 for the determination of stoichiometric 
ratio between L8 and Zn
2+
. Fluorescence Intensity at 418 nm was plotted 




]+[L8]) varying from 0.1 to 1.0. 
 
Figure 5.14. Job plot of L9 in CHCl3 for the determination of stoichiometric 
ratio between L9 and Cd
2+
. Fluorescence Intensity at 418 nm was plotted 




]+[L9]) varying from 0.1 to 1.0. 















































































Figure 5.15. Job plot of L9 in CHCl3 for the determination of stoichiometric 
ratio between L9 and Zn
2+
. Fluorescence Intensity at 418 nm was plotted 

























































Figure 5.16.  Metal ion selectivity profile of L7 (3.3 μM): Pink and red bars, 

























; blue bars: 






























Bars represented the final integrated fluorescence response (F) over the initial 
integrated emission of L7 (F0). 
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Figure 5.17. Metal ion selectivity profile of L8 (3.3 μM): Pink and red bars, 

























; blue bars: 






























Bars represented the final integrated fluorescence response (F) over the initial 
integrated emission of L8 (F0). 












 L8 + Zn


















H NMR spectra of L8 in CDCl3/CD3CN (6:1, V/V) upon 




H NMR spectra of L8 in CDCl3/CD3CN (6:1, V/V) upon 
addition of Zn(ClO4)2. (a) 0.5 equiv.; (b) 1.0 equiv.; (c) 2.0 equiv.. 
 
 
(a) 0.5 equiv. Cd 
(b) 1.0 equiv. Cd 
(c) 2.0 equiv. Cd 
(a) 0.5 equiv. Zn 
(b) 1.0 equiv. Zn 
(c) 2.0 equiv. Zn 
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Figure 5.20. (a) Intermolecular π-π stacking interaction and (b) 2D network 
structure in 17. 
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